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ABSTRACT 
A method of combining static and dynamic laser light-scattering (LLS) has been 
modified to characterize the following special polymers. (1) Novel thermoplastics, 
Phenolphthalein poly(ether sulfone) 0*ES-C) and Phenolphthalein poly(ether ketone) 
(PEK-C); (2) Poly(sulfoalkyl methacrylate)s with different alkyl side chain length; (3) 
Soluble high performance Polyimides with different chemical structures; (4) Hydroxy-
ethyl cellulose acetate ^ffiCA); and (5) Both hydrolysed and unhydrolysed 
Polyacrylamides. 
In static LLS, the angular dependence of the excess absolute time-averaged 
scattered intensity, known as the excess Rayleigh ratio Rw(0), is measured. After 
measuring the concentration and anguler dependance of Rw(6), the weight-average 
molar mass (Mw), z-average radius of gyration <Rg>, and second virial coefficient (A2), 
can be determined from a Zimm plot. In dynamic LLS, the intensity-intensity time 
,, "•^  
correlation function G(2)(t,q) in the self-beating mode is measured. The Laplace 
inversion ofthe precisely measured G(2)(t,q) leads to an estimate of the characteristic 
Line-width distribution G(r), which can be further reduced to a translational diffusion 
coefficient distribution G^D). A combination of Mw from static LLS and GOD) from 
dynamic LLS enables us to establish a calibration between D and M, i.e., D = ^^M^ 
where ao and ko are two scaling constants. Using this calibration, we can convert 
each G(D) into a molar mass distribution fw(M). From fw(M) the molar mass and 
polydispersity index (M /^Mn) can be calculated 
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HECA hydroxyethyl cellulose acetate 
• 
g(i)(t): normalized electric field time correlation function at delay time t; Eq. 
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R： radius of a hard spherical; Eq. (2.2.12) 
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ARw(0): excess Rayleigh ratio; Eq. (2.1.15) 
T: absolute temperature 
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n： osmotic pressure; Eq. (2.1.19) 
a: polarizability 
P： coherence factor; Eq. (2.2.17) 
5V: elemental volume 
8： dielectric constant 
r{： viscosity 
[T|] intrinsic viscosity 
0： scattering angle 
Xo： wavelength of light in vacuo 
jXi。： chemical potential of the pure solvent; Eq. (2.1.19) 
m / f 2 : variance 
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A method of combining static and dynamic laser light-scattering (LLS) has been 
developed to characterize a series of special polymers including two novel thermo-
plastics (phenolphthalein poly(ether sulfone) (PES-C) and phenolphthalein poly(ether 
ketone) ^>EK-C)), biocompatable poly(sulfoalkyl methacrylate)s with different alkyl 
side chain length, soluble high-performance polyimides with different chemical 
structures, hydroxyethyl cellulose acetate (HECA), and both hydrolyzed and 
unhydrolyzed polyacrylamides. This thesis has provided a comprehensive summary of 
the applications of laser light scattering in polymer characterization. It contains eight 
chapters. 
Chapter 2 provides a basic theoretical background of LLS, polymer solution 
thermodynamics, hydrodynamics, and describe how to transform the measured 
translational diffusion coefficient distribution G0D) to molar mass distribution fw(M). 
Chapter 3 describes basic instrumentations including LLS, differential refractometer 
and size exclusion chromatography (SEC). 
Chapter 4 summarizes the LLS studies of two novel thermoplastics PES-C and 
PEK-C. It was found that there exist small amount ofhigh molar mass clusters in both 
知-
PES-C and PEK-C. We have adopted a novel method of combining the apparent 
molar mass and line-width distribution to characterize such kind of polymer mixture. 
This LLS method was carefully verified by using a set of two-polystyrene mixture, 
wherein two polystyrenes have a very large difference in their molar mass so that the 
polystyrene with a higher-molar mass was used as an imitation of the clusters. On the 
basis ofthis verification, we have successfully applied this LLS method in the study of 
PES-C. Our results has revealed that PES-C contains about 6 weight % high-molar 
mass clusters. The cluster's average molar mass is -15-times higher than that ofthe 
linear PES-C chains. Our results also indicated that the PES-C clusters have a 
compact structure in solution and cannot be attributed to a simple association or 
aggregation of the linear PES-C chains. The PES-C linear chains have a typical 
random coil-like structure in chloroform at 25�C. This LLS method is also useful in 
the study of aggregation or association in a polymer or colloid system as long as the 
large "clusters" are reasonably stable in time. Moreover, we studied the chain 
flexibility and chain conformation of several fractions ofPES-C and PEK-C in CHCl3 
, at 25�C. Our results showed that, < R � > ' ^ = (3.35 土 0.13) x 10"^  M/52 and <D> = 
(2.26 土 0.02) X lOiV^/ 54 for PES-C; and <Rg'>z'^  = 3.50 x 10"^  M^' ' ' and <D> = 
2.37 X lO^Mw^ " , for PEK-C where < R: > f , M*and <D> are the root mean square 
z-average radius of gyration, the weight-average molar mass, and the z-average 
translational diffusion coefficient, respectively. Further, a combination of static and 
: dynamic LLS results enabled us to determine D = (2.45 士 0.04) x lO^ M"®'^ ®^ for PES-
C and D = 2.20 x lO^M^ "^ for PEK-C, where D and M correspond to monodisperse 
species. Using these scaling relationships, we have successfully converted each 
fe -
translational diffiision coefficient distribution G(D) into a molar mass distribution 
fw(M) for both PES-C and PEK-C fractions. Moreover, using these established 
calibrations, we characterized two unfractionated samples of PES-C and one broadly 
distributed sample of PEK-C in CHCl3 at 25 ®C. The weight-average molar mass 
calculated from fw (M) are comparable to that obtained directly from static LLS. Our 
.v.. I 
results indicate that both the calibration and LLS procedure used in this study are 
ready to be applied as a routine method for the characterization of the molar mass 
distribution ofPES-C and PEK-C. The studies ofthe chain flexibility ofPES-C and 
PEK-C reveal that the persistence length and the Flory characteristic ratio are � 1 nm 
and ~13 for PES-C; and �1 .2 nm and � 1 7 for PEK-C, respectively, which indicate 
that both PES-C and PEK-C chains are flexible in CHCl3. 
Chapter 5 summarize the LLS characterization of four samples of poly (sulfoalkyl 
methacrylate)s ^^SSRMA) with different alkyl side chain lengths in 0.1 M NaCl 
aqueous solution at 25 °C. The characteristic Line-width (<r>) increases rapidly 
when the polymer concentration is higher than �10"^ gAnl，which corresponds to a 
decrease in the surface tension. In the temperature range of 25 °C - 47�C，（< T >) 
increases as the temperature increases. All LLS results consistently indicate that 
PSSRMA with a longer alkyl side chain have a more compact chain conformation in 
0.1 M NaCl aqueous solution. A combination of static and dynamic LLS results 
enables us to establish D(ctrf/s) = kj^ M^ with 0¾ � 0 . 5 6 and kD in the range ofl.54 x 
10^ � 2 . 0 7 X 10^ depending on the alkyl side chain length. With this calibration, we 
z^  were able to characterize the PSSRMA's molar mass distribution from G(D). 
Chapter 6 summarize the solution properties and the characterization of the molar 
mass distributions of two soluble high-performance Polyimides, Poly(BCPOBDA 
/DMMDA) and Poly(ODPAA)MMDA) in CHCl3 at 25�C. We found that <Rg> can 
be scaled to Mw as <Rg>(nm) = 4.95 x 10"^ Mw® " and <Rg>(nm) = 1.25 x 10'^M/^^ 
respectively for Poly03CPOBDA/DMMDA) and Poly(ODPA/DMMDA), indicating 
that Poly(ODPA/DMMDA) has a more extended chain conformation than 
Poly(BCPOBDA/DMMDA). The positive values of A2 show that these polyimides are 
¥ 
实 
truly soluble in CHCl3. Using the worm-like chain model approach, we found that the 
Flory characteristic ratio (0«) of Poly(BCPOBDAA)MMDA) and Poly(ODPA 
ADMMDA) are -20 and -31, respectively, indicating that both ofthem have a slightly 
extended chain conformation in comparison with typical flexible polymer chains, such 
as polystyrene whose C® is ~10. A combination ofMw with GKP) has led to D(cm^/s) 
=3.53 X 10"^ NT^  579 and D(cm'/s) = 4.30 x lQ-'M^''^ respectively for Poly(BCPOBDA 
/DMMDA) and Poly(ODPA/DMMDA). Using these two calibrations, we have 
successfully characterized their molar mass distributions from their corresponding 
G(D)s. It should be noted that these calibrations are independent on a particular LLS 
instrument as long as CHCl3 is used as a solvent. In comparison with typical flexible 
polymer chains, the exponents ofthese two calibrations further confirm that both ofthe 
polyimides have a slightly extended coil chain conformation in CHCl3, which can be 
attributed to the aromatic units and the ether linkage in their backbones. The chain 
flexibility difference between these two polyimides has also been discussed. 
Chapter 7 summarize a recently developed analytical method of combining the off-
line LLS and size exclusion chromatography. This method was used to investigate a 
set of moderately distributed hydroxyethyl cellulose acetate (HECA) samples in 
tetrahydrofuran at 25 °C. Our results have shown that this new LLS + SEC method is 
suitable for the characterization of molar mass distribution of HECA. By using this 
r method, we have simultaneously determined two calibrations of V(cm^) = 45.3 -
1.891ogOV^ and D(cmVs) = 2.45 x 10 NT®'^ ®, where V is the elution volume in SEC. In 
addition, our results have also indicated that the chain conformation of HECA in 
tetrahydrofuran at 25�C is a slightly extended linear coil. 
h 
& i 
Chapter 8 summarize the LLS study of both hydrolyzed and unhydrolyzed 
polyacrylamides in 0.35 M KH2PO4 aqueous solution. Our results indicate that 
polyacrylamide has a coil conformation in 0.35 M KH2PO4 aqueous solution and that 
the polyelectrolytes effects can be suppressed if0.35 M KH2PO4 aqueous solution is 
used as a solvent. A calibration between the translational diffusion coefficient ¢)) and 
molar mass QA), namely, D(cm'/s) = (5.40 土 0.1) x lO''M"'' ' 土。仍 has been 
established. Using this calibration, we have demonstrated that the molar mass 
distribution of polyacrylamide can be calculated from its corresponding G(D). The 
established methodology and the calibration between D and M can be used in future to 
characterize ultrahigh molar mass polyacrylamides which cannot be characterized by 






2.1 Static light scattering^ 
The phenomenon of light scattering is encountered widely in everyday life. For 
example, light scattering by air bome dust particles causes a beam of light coming 
through a window to be seen as a shaft oflight, the poor visibility in a fog results from 
light scattering by airbome water droplets, and laser beams are visible due to scattering 
ofthe radiation by atmospheric particles. Also, light scattering by gas molecules in the 
atmospheres gives rise to the blue color of the sky and the spectacular colors that can 
sometimes be seen at sunrise and sunset. These are all examples of static light 
scattering since the time-averaged intensity of scattered light is observed. 
Scattering from gas: When there is no absorption, the electromagnetic radiation 
interacts with the atoms or molecules in its path, producing an oscillation in their 
electronic density. Hence, the molecules act as oscillating electric dipoles that irradiate 
in all directions. The theoretical interpretation oflight scattering from dilute gases was 
developed by Lord Rayleigh,^ '^  applying the classical electromagnetic theory. In the 
treatment of scattering from gas，the molecules were assumed to have no 
thermodynamic interaction, i.e., an ideal gas. The system, therefore, consists of a large 
number of particles moving at random and well separated from each other. The 
particles have very small dimensions (d < A720) compared to the wavelength of the 
monochromatic beam used. The particles were also assumed to be optically isotropic. 
For vertically polarized incident light, he shows that, for dilute gas, the intensity of 
scattered light originating from a unit volume containing N particles is given by 
I=167cVN ； (2.1.1) 
1 r % 1 � � ) 
In this expression, Io is the intensity of the incident radiation and X,o is the 
wavelength oflight in vacuum, a represents the polarizability of the molecule, r is the 
distance between the scatterer and the observation point. The polarizability a can be 
related to the gas refractive index, n, through the dielectric constant, s, 
( n ' - l ) = ( 8 - l ) = 47iNa (2.1.2) 
In a dilute gas, the refractive index is very close to unity (this being the refractive 
index ofvacuum). We can therefore express it as a Taylor series, rejecting all terms 
from the third inclusive, i.e. 
n2=l+2(dn/dC)C (2.1.3) 
where C is the concentration of the gas, expressed in units of mass/volume, and dn/dC 
is the refractive index increment of the dilute gas. 
Taking into account the fact that the number of molecules per unit volume, N, can 
be expressed as NAC/M, equation (2.1.2) and (2.1.3) may be combined with equation 
(2.1.1) to give the intensity of light scattered for unit volume: 
4.2MIoCrdnV (2.1.4) 
r2X^NA UC； 
where M is the molar mass of the particles and NA is Avogadro's constant. The light 
scattered may be expressed as the ‘Rayleigh ratio，: 
Rw(e) = f (2.1.5) 
上0 
where the first subscript "v" means the incident light is vertically polarized, the second 
subscript "v" means the detected scattered light is also vertically polarized. In this way 
equation (2.1.4) becomes 
,A� 47c2MC f dnV , , 1 .x 
R - ( e ) = " ^ b ^ J (2.1.6) 
Since h and r can be determined from the optical and mechanical characteristics ofthe 
photometer used, the Rayleigh ratio can be obtained experimentaUy. 
Scatieringfrom liquid: in a similar way, the intensity scattered by a liquid can be 
obtained as if each particle of gas was replaced by an elemental volume 5V, small 
enough to be considered as a point when compared to the wavelength ofthe radiation, 
but containing enough molecules to allow application of thermodynamic methods. The 
fluctuations in these volumes are considered to be independent. Each elemental 
volume will have a polarizability a that will fluctuate by a certain amount Aa about the 
average polarizability of the system a. 
a ' = (a + Aa)2 = a ' + 2 a A a + Aa' (2.1.7) 
Considering the intensity scattered by N elemental volumes within a unit volume, 
the value a is the same for each volume element. Therefore, terms in a will cancel 
for the reason that the scattered Ught in an ordered system is zero. Also the average 
value of 2aAa will be zero, because Aa will take equivalent positive and negative 
values. Consequently, via equation (2.1 • 1)，the Rayleigh ratio will be given by 
, . 167C^ Aa^  .^  1 „、 
R | " W (21.8) 
where l/5V is the number of elemental volumes per unit volume. Taking into account 
the relation between polarizabiUty and dielectric constant, the polarizabiUty fluctuation 
can be expressed as 
Aa = ^ (2.1.9) 
4n 
Therefore equation (2.1.8) becomes 
^ ,M 7i^VAs^ , � 1 i^ x 
Rw(0) = ~ " ^ ^ ~ ~ (2.1.10) 
In a pure liquid, the fluctuations in the local value ofthe dielectric constant are due 
to, in principle, fluctuations in both temperature and density (Ap), but in general, 
fluctuations in temperature are negligible and so 
^ = felA? (2.1.11) 
\opJ 
According to the theory of fluctuation^ and thermodynamic arguments^ equation 
(2.1.10) becomes 
^ ,A�7l2kTp2p("a8Y „ 1 1 , � 
R w ( e ) = - ^ y ^ (2.1.12) 
where k is the Boltzmann constant, T is the absolute temperature, P is the isothermal 
compressibility. 
Scattering from solution of small particles: Considering a dilute solution, the 
increment in the dielectric constant Ae is related both to fluctuations in the number of 
particles in volume 6V (density fluctuations) and to the interchange between solvent 
and solute molecules, which have different polarizabilities (concentration fluctuations). 
Therefore, 
A8 = f | ^ l A p + f e l A C (2.1.13) 
v5py \oCJ 
声 
where C is the solute concentration. Ifthe fluctuation in density and concentration are 
independent, ApAC=0 and we have, therefore, 
/ ^ y /^\2 
A ^ = 字 A ^ + ^ A ^ (2-1.14) 
\dpJ KoCJ 
If the solution is dilute, the density fluctuations are essentially identical to those 
existing in the pure solvent. Hence, the excess scattering intensity from the solution 
compared to the solvent arises only from concentration fluctuations, and the excess 
Rayleigh ratio (compared with equation (2.1.10)) can be expressed as 
7c25vY deY 
ARvv(e) = Rw,soIution(e)-Rw,solvent0) = "^|^^J AC^ (2.1.15) 
The refractive index of the dilute solution will have a similar value to that of the 
solvent (this is a characteristic ofRayleigh scattering) and can be expressed as a power 
series in concentration. Rejecting all the terms in the series from the third onwards, 
and taking the square, we obtain 
n 2 = n ? + 2 n i � # + � @ � （2.U6) 
where ni is the solvent refractive index. The third term on the right-hand side of 
equation (2.1.16) is negligible compared with the second, and so, following the 
2 
Maxwell relation e = n， 
• ‘ 〔 ^ T (2.1.17) 
and, according to the general theory of fluctuations^  and from thermodynamic 
arguments\ the excess Rayleigh ratio is obtained as 
4^2n?kT(dn/dC)�iC (2.1.18) 
ARvv(e)- ,4(a,^/ac), 
where \ii is the chemical potential ofthe solvent in the solution and V, its partial molar 
volume. The relation between the chemical potential of the solvent and the osmotic 
pressure 11 
n v , = - ( n . - n ? ) (2.1.19) 
leads to 
AR.(e) = K ^ (2.1.2。） 
where i^i® is the chemical potential of the pure solvent, and 
1 471½?( dnV (2.1.21) 
“XfoNA VdC； 
By expressing the osmotic pressure as a power series in concentration, 
- = R T f-+A2C+A3C2 +. • .1 (2.1.22) 
C VM 乂 
we finally obtain 
- ^ ^ = l+2A2C+3A3C2 +• • • (2.1.23) 
ARw(e) M 
where A2, A3, . . .，are the 2nd, 3rd, . • . , virial coefficients. This is the general 
equation for Rayleigh scattering of vertically polarized light from a real solution of 
particles which are smaller than the wavelength of the light. In very dilute solutions, 
the virial coefficients from the third one, A3, onwards can be neglected. In this way, 
the above equation allows us to obtain easily the molar mass of the solute and the 
second virial coefficient, A2. 
Scaitering from Solution ofLarger Particles: When the geometric dimensions ofthe 
particles are greater than one-twentieth of wavelength, the angular distribution of the 
intensity is not symmetrical with regard to scattering plane at 0 = 90�. The intensity of 
the scattered radiation is reduced by a factor that increases as the observation angle, 0, 
increases. 
The lack of symmetry in the angular distribution of the scattering intensity from a 
macromolecule can be considered as due to intramolecular interference effects. The 
particle, due to its size, can no longer be considered as a point scatterer, but as a set of 
point scatterers. 
This interference can be easily visualized by considering two scattering centres 
figure 2.1.1). By analyzing the difference in the distance travelled by the waves 
corresponding to each centre, it can be seen that the difference between the path length 
APaA' and BPbB' increases as the angle 0 increases, and is zero in the propagation 
direction of the incident wave, 0 = 0. The light-interference efifect increases as the 
angle of observation increases. 
This dissymmetry in the scattered intensity caused by the intramolecular interference 
effect poses a problem, since extrapolation to zero angle (0) must be made in equation 
(2.1.23). However, it is precisely because ofthis effect that we are able to obtain 
valuable information about the geometry of the macromolecule. 
Particle scatterlngfactor, P(0): In general, the effect of the angular dissymmetry on 
the scattering intensity is described in terms of the function P(0),^ which corresponds 
to the ratio of the real intensity of the scattered light in a given direction to the 
theoretical intensity which would be observed at the same angle in the absence of intra-
molecular interference. Since the intensity is proportional to the Rayleigh ratio 
p(0) 二 ^w(Q)experimental (2 ^ 24) 
^ ^ w (®) without int erference 
where ARw(6)without interference is givcn by equation (2.1.23). The function P(0) has a 
value ofunity when 6 = 0，and it decreases as the observation angle increases. 
In order to obtain an expression for the function P(0/ that relates to the geometric 
parameters ofthe particle, the electric field ofthe electromagnetic radiation is assumed 
to be uniform for the whole molecule. In such a circumstance, the molecule can be 
represented by m number of scattering centres, the total intensity of the scattered 
radiation at point P ^lgure 2.1.2) is given by 
m m 
IocIIexp- iq(r.-r,)] (2.1.25) 
a=l b=l 
In this expression, constants are ignored since we are only interested in the 
intramolecular interference (that is, expressions for the function P(0)). r is the position 
vector ofthe scattering centre from origin, q is the scattering vector (q=k-k'), the 
modulus of which is given by q = ^ ^^sin^. In the absence of destructive 
0^ ^ 
interference or for scattering at zero angle 0，all the exponents in the above summation 
’ are zero, and 
I x Z Z l = m' (2.1.26) 
a=lb=l 
Therefore, according to the definition ofthe function P(0), 
"^^？ 
Figure 2.1.l A representation of the phase difference between rays scattered at two 
points in a molecule more that X/20 apart. The difference in phase is greater for rays 
scattered in the backward direction and therefore the mutual interference is greater. 
[ / 
- W ^ ^ ^ ~ -
Figure 2.L 2 Geometrical relations between vectors associated with incident and 
scattered light, r is the position vector of the scattering vector. P is a point situated a 
ta distance D from the scattering centre, k is the wave vector in the propagation 
direction ofthe incident wave, k' is the wave vector in the direction P. 
1 m m 1 m m 
P(e) = - Z Z e x p -iq(ra-rb) = — Z X e x p -iqrab] (2.1.27) 
m^ a=lb=l m^ a=lb=l 
This expression for P(6) corresponds to a molecule fixed in space. However, if the 
solution is isotropic, the particle will be free to choose any direction, and the measured 
intensity will be an average over all possible orientatians7 The expression for P(0) 
g 
corresponding to a molecule with random orientation is 
P(G) = ^ i i ^ ^ (2.1.28) 
m2 a=lb=l qfab 
Ifthe particle is able to change its shape, the distances rab will be variable, and a second 
average over time is needed. This is the case for flexible-chain macromolecules. 
From the equation (2.1.28) we deduce that P(0) will depend on the shape (or 
average shape) ofthe molecule. However, this dependence decreases as the magnitude 
ofqrab approaches zero. The use of a MacLaurin series for qrab« 1 leads to 
P(9) = ^ I z f l - ^ . ^ - . - l (2-1.29) 
m^ a=lb=lV 3! 3! y 
Considering only the first two terms 
P(e) = i - ^ f : i d (2.1.30) 
6m^ a=lb=l 
Independently ofthe shape of a particle, the square radius of gyration is given by 
1 m m 
R^g=T^IId (2.1.31) 
^ 2ma=ib=i 
In the case ofa flexible macromolecular chain, the mean-square radius of gyration is 
given by 
(^ i) = i S & ^ ) (2.1.32) 
Therefore, P(0) can be expressed as 
P(0) = 1 - ^ ^ (2.1.33) 
This relation between P(0) and the mean-square radius of gyration of a macromolecule 
is a useful genral result, since it is independent ofmolecule shape. 
General equation, Zimm plot: When the particles are large enough to display angular 
dissymmetry, equation (2.1.23) is only valid when 0 = 0，since P(0) = 1 for this angle. 
Since it is impossible to measure the scattered intensity at zero angle, the experimental 
scattering intensities must be analyzed as a fiinction of the observation angle, i.e. 
^ = • + 2A2C (2.1.34) 
For q2Rg2 « i，we can use l/(l-x) « (1 + x) for small values of x, the expression for 
the scattering intensity for vertically polarized light as a function of concentration and 
observation angle is 
7 ^ ^ ^ = 4 + 4q2�R2g�) + 2A2C (2.1.35) 
ARw(0) MV 3” \ ^'J 
This expression is only appropriate for dilute solutions and small values of qrab- For 
polydisperse systems (for most polymers case), the measured molar mass M and the 
mean square radius of gyration <Rg^ > are weight-average molar mass (Mw) and z-
average mean square radius ofgyration (<Rg^, respectively. 
Equation (2.1.35) implies a double dependence of scattering intensities on 
concentration and observation angle. Therefore, in order to measure the second virial 
coefficient, the scattering data for each concentration must be extrapolated to zero 
angle, when 
7 ^ ^ = ^ + 2A2C (2.1.36) 
ARvv(e) e^ o Mw 
Correspondingly, in order to measure the mean-square radius of gyration, the 
scattering data for each angle must be extrapolated to zero concentration, when 
KC = _ L [ + iq2(R2) (2.1.37) 
^ w ( e ) c = � uJ 3^\ « / J 
The common intercept of the two plots gives the reciprocal of the molar mass. 
Normally, a graphical method, proposed by Zimm ,^ is used to do this double 
extrapolation, which incorporates this doubles extrapolation on a single grid. 
: 2.2 DynamicLightScatteringi012 
Basic principle: The phase v|/s of the scattered field Es is made up of the phase ofthe 
incident field at position r , � � t - kj r plus a phase shift due to propagation of the 
scattered field from position r to position R, -k, (R - r) (Figure 2.2.1)，so that v|/s = (co� 
t - ks. R) + (ks - ki) . r. The scattered electric field from a single molecule is 
Esi(t) = Aj(t)e-i"oV_ (2.2.1) 
s’j J 
'•V 
where Aj (t) is the amplitude of the scattered light from molecule j and v|/j (t) is the 
phase difference from the optical path of light scattered from position rj compared to 
that at the origin, vj/j (t) = q • r (t), i.e. the phase of the scattered field depends on the 



































































































































The total scattered field is 
E, (q’t) = jUj (t)e~e—j(t) (2.2.2) 
j 
Since the molecules are moving, r is a function of time and v|/s has a dependence 
determined by the molecular dynamics. The scattered field varies in time due to 
translational difRision motion or to changes in Aj(t) induced by rotational or internal 
motion. A less common case is for smaller values of molecular occupational number 
N, where fluctuations in N lead to scattered light fluctuations/^ 
When the scattering molecule is undergoing Brownian motion, r is a random 
variable and E, has a randomly modulated phase. The scattered light is broadened in 
frequency with an optical frequency distribution S(co) as illustrated in Figure 5(a). 
Since the particle motion contains no preferred direction, the spectrum contains a 
continuous distribution of frequencies centred around ©�• The correlation function of 
the electric field G(i)(t) is also a measure of the frequency distribution and contains 
information on the molecular motion^]? it is the Fourier transform of the power 
spectrum S(co) 
G � ( t ) =�E ;(0)Es(t)� （2.2.3) 
where� > denotes a time or ensemble average and t is the correlation time 
S(co)=-|"G(i)的6-1«1 dt (2.2.4) 
271 
An illustration of a scattered optical spectrum and its normalized field correlation 
function is shown in Figure (2.2.2). The broadening of the Rayleigh-scattered light 




















































































































































































































The normalized electric field correlation illustrated in Figure 2.2.2(b) is 
g ( ' ) . ^ (2.2.5) 
In terms of amplitude and phase time dependence 
gO) (t)=e為'�A:mA(t�<^_,q.[._i�=—c^ (t)C^ (2.2.6) 
〈1肩1〉 
where A(t) is the scattering amplitude per molecule and CA(t) and C^(t) are the 
amplitude and phase correlation functions. For small molecules (radius R « q"^ ) or 
spherical molecules the amplitude part of the autocorrelation function becomes 
- - ¾ ^ - (2.2.7) 
: 
Then g(”(t) carries information on the translational diffusion coefficient D through 
C^(t). This is related to the intermediate structure factor Gs(r,t), which is the 
probability offinding a particle at position r at time t ifit was at the origin at t = 0. 
C� (t ) =�e-iq.�r(t)-r(�)l�=jGs(r，t)e-iq.rd3r (2.2.8) 
where q [= (47ini/P^o)sin(0/2)] is defined before, the difference between the wave 
vectors of the scattered and incident waves, ni is the medium refractive index. For 
spherical identical scatterers undergoing Brownian motion in solution 
g(i\t) = e - D � - i ^ � t (2.2.9) 
The associated optical spectrum is 
_ = ‘ � i y / % 2 (2.2.10) 
(co-o>o) +(Dq2) 
which is a Lorentzian function centred at ©�with a halfwidth Dq .^ The translational 
diffiision coefficient D may be related to the molecular friction factor f through the 
Stokes-Einstein relation 
D = y (2.2.11) 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
For a hard spherical with a radius of R, f = 67cr|R, where r\ is the viscosity of the 
solvent. For a polymer coil, R is replaced with its hyrodynamic radius Rh, so that 
D = T ^ (2.2.12) 
67rr|-Rh 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
When the molecular size is not much less than q"\ the scattering intensity is reduced 
by intramolecular interference. For molecules with size �1/q，the scattered intensity Is 
proportional to the molecular interference form factor P(0). For any shape of particle 
at small scattering angles, P(9) = 1-qRg / 3 where Rg is the radius of gyration. If the 
molecule is not small and is not spherical or optically isotropic, then rotational 
diffusion will contribute a time dependent scattering amplitude; also for flexible 
molecules intramolecular dynamics gives a similar contribution. 
Line-width measurement: The scattered light intensity is proportional to the square 
ofthe time average ofthe electric field 
Scattered intensity =�I，〉Qc <|EJ>2 (2.2.13) 
• 
where� ) denotes the time average. In order to measure the very small optical line-
width generated from the frequency broadening of the optical spectrum, optical mixing 
techniques22-24 are employed. There are two basic forms of optical mixing: heterodyne 
and homodyne (self-beat). By heterodyne mixing we refer to mixing the scattered light 
with a reference light wave (local oscillator) unshifted or shifted in frequency from the 
incident light beam. In self-beat optical mixing the scattered wave is not mixed with a 
reference signal but is directly detected. Here we just consider the theory of self-beat 
detection. In self-beat detection the intensity autocorrelation function is determined as 
G(2) (t) = /(w 丢r^ .(0)Is(t)dt (2.2.14) 
It is the Fourier transform of the power spectrum and is readily measured by digital 
techniques. The normalized form of G(2)(t) is 
g _ : ^ _ _ 2 ^ s ( t ) ) (2.2.15) 
i^s) 
With some restrictions (such that the scattered field is a Gaussian random process), the 
correlation functions gd)(t) and g(2)(t) are connected through the Siegert relation 
g(2)(t) = l + |gW(t)|2 (2.2.16) 
Experimentally in self-beat dynamic light scattering the intensity autocorrelation 
function is measured as 
g ( 2 ) � = A [ l + p | g ( i ) � |2 ] (2.2.17) 
Here A is a measured base line and P is a geometric factor dependent on the coherence 
of detection.26�he detector has an average photocurrent <i) which is proportional to 
the average light intensity <i> oc�I，>. Since the scattered light is normally at low level 
and in the form of discrete photon pulses, the scattered signal and hence correlation 
function is most usefully recorded using digital photon detection. In terms of photon 
counts 
g(2)(t)=7^inini+p (2.2.18) 
\n^  / i=i 
where t = pAt, At = channel width, N = number of correlation channels and <n)= 
average number of photons counted in time At. 
Data analysis: In the case of poIydisperse systems the general form of the time 
correlation function is the Laplace transform of a line-width distribution function G(r) 
g(i)W = frG(r)e-rtdr (2.2.19) 
Ifthe relaxation is diffusive, knowledge ofG(r) allows the molar mass on particle size 
distribution to be derived. The line-width r usually depends on both C and 0. This 
26 dependence can be expressed as 
^ = D ( l + k,C)(l + fR q^^ ) (2.2.20) 
q 
where D is the translational diffusion coefficient at C = 0 and q = 0，f is a dimensionless 
number, and ka is the diffusion second virial coefficient. The value of f depends on the 
chain structure, polydispersity, and solvent quality. For polymers with flexible chains 
in a good solvent, fis between 0.1 and 0.2.27 goth thermodynamic and hydrodynamic 
38 
interactions contribute to k<i, which can be further expressed as 
k,=2A,M^-C^N^Rj/M^ (2.2.21) 
where Co is an empirical positive constant. 
A general purpose and flexible computer program of inverting DLS data has been 
developed.28 This has been widely applied in DLS studies with excellent results for 
DLS data having low noise. The program contains safeguarding constrain to avoid the 
ill-posed nature ofthe inversion. An early method ofanalysis was based on a cumulant 
expansion29'3o of the correlation function 
ln|g("(t)| = l - f t + ^ M ' - : ^ M ' + ik -3^ i^K + …-
2! j! -^ (2.2.22) 
« _t" 
= i + E k j r ) -
m=l m ! 
p * 一 J m 
where k „ = (-l)"^ln|g^'^(t)| is the m^ cumulant of gd)(t) and 
L at �t=o 
产 
^. = "(r一 f ) 1 -G(r)dr. Equation (2.3.26) may be fitted by a least squares routine to 
the correlation function and values for i^2, i^s, ... obtained. The average width 
f = j"rG(r)dr is the mean relaxation time. The variance is f i j / r ^ where 
： 
^2 = j " ( r — r)^G(r)dr. For low q, qR < 1 and T = Dq^，where D is a z-average. 
2.3. Chain Flexibility: 
Polymer exhibit conformations ranging from tight coils to highly extended 
structures such as rigid rods and helical chains. The parameters and, to some extent, 
‘ the methods utilized for evaluating the degree of chain flexibility are usually different 
for "flexible" versus “stiff，chains. For flexible polymers the most common parameter 
in use is Flory's^ ^^ ® characteristic ratio Coo, defined as 
^ ,• <R2 >o [<R2 >0 / M K 
C- B lT„ " ^ = ？ (2.3.” 
where <R^>o is the unperturbed (theta condition) mean-square end to-end distance, N 
is the number rfmain chain bonds oflength i, M is the molar mass of the polymer, and 
mo is the average mass per main chain bond. The value of Coo is a quantitative measure 
ofthe impact ofhindered rotation about main chain bonds and rather fixed bond angles 
on <R2>. For a freely jointed chain, which has neither rotational hindrance nor bond 
angle restrictions, <R^> is equal to NP^M^ jhus, a value of €« is equal to 1 for 
freely jointed chain, and larger Coo values indicative of greater departures from freely 
jointed character, i.e., diminished flexibility. 
The relative contributions offixed angles and hindered rotation can be elucidated 
by modification offreely jointed chain model. Erying^ ^ showed that when N is very 
large <R?> can be calculated as 
<R2> = ( N O ( ^ ^ ^ ) (2.3.2) 
\ l - C O S 0 
where 0 is equal to 180�minus the fixed bond angle. Thus, for polyethylene backbone 
cos 9 = 0.333 and <R^> = 2W^ with fixed tetrahedral bond angles for a saturated 
j hydro- carbon backbone being expected to double <R^>. 
i 
In light of above, an alternative chain flexibility parameters, which is commonly 
… used, is the conformation (steric) factor a 
. 
o = ( < R V , ( < R V r (2.3.3) 
which is obtained from the experimental <R >^o value and the <R^> value calculated 
from freely rotating chain i.e., <R^ >f. a provides a measure of the relative increase in 
end to-end distance brought about by hindrances to rotation only. Obviously, Coo and 
a are related for tetrahedral hydrocarbon backbones by 
C. = 2o^ (2.3.4) 
As Flory has pointed out,^ the use of C« is to be preferred over a. This is because 
small change in bond angles can lead to a large change in a, and bond angles are rarely 
known to within more than few degrees. 
The effect of restricted rotation can be taken into account by introducing an 
additional term into eq.(2.3.2). Ifthe hindering potentials are mutually independent for 
neighboring bonds and symmetrical/^ '^ ^ <R^> becomes 
, , ( 1 + cosOY 1 + < COS^  >^ ,,，c� 
< R ' > = { W ) ^ (2.3.5) 
U 一 COS0A 1 一 < COS0 > J 
Here <cos ^> is the average rotation angle (小=0 for trans). 
The assumption upon which eq. (2.3.5) is based are invalid for macromolecules. 
Of great significance in this regard has been the development of rotational isomeric 
state (RIS) models^ *'^ ®'^ '^^ ^ These models generally consider only a few discrete 
conformers ofrelatively low energies. Interdependence of bond rotations, asymmetric 
rotational potential curves, and finite chain length effects can all be dealt with using 
modem RIS methods.si，^ 
The Kratky-Porod wormlike chain model^ ®'^ ^ is widely used for describing 
conformational characteristics ofless flexible chains. The polymer is viewed as a semi-
flexible (or worm) of overall 'bontour length" L with a continuous curvature. The 
chain is divided into N segments of length AL, which are linked at a supplementary 
angle \|/. The persistence length q, (a parameter characterizing the correlation of the 
52 
direction ofa polymer chain segment with the preceeding segment) is defines as 
q = Lim , 丛 ~ (2.3.6) 
<^ —0，AL—0 1 一 COS y/ 
and is thus a measure ofthe tendency for segments in the polymer chain to 'Vemember" 
the orientation of adjoining (and other) segments in the chain (F\g 2.3.1). Wormlike 
chains will exhibit conformations ranging between random coil and rigid rods 
depending on the ratio of L/q. Therefore, q provides a measure of chain stiffiiess. 
Furthermore, it can be shown" that at large L a wormlike chain becomes Gaussian and 
q is related to the length ofthe Kuhn statistical segments € as 
q = r /2 (2.3.7) 
Thus, the value o^^' is commonly taken as a measure of chain stiffiiess. Flory^ ^ has 
shown that there is also a simple relationship between the persistence length and the 
characteristic ratio 
Coo = (2q/^)-l (2.3.8) 
Here i is the average bond length and 00 indicates, as usual, the limiting value for 
infinite chains. Hence, €« can be also be employed in comparing relative stiffiiess of 
/ 
wormlike chains. / 
^ _ ^ 
广 
f F i g . 2 .1 - .3 A segment o fa persistent chain (para-
meters are defined in the text) 
Several years ago, Yamakawa and co-workers""^^ developed the wormlike 
continuous cylinder model. This approach models the polymer as a continuous 
cylinder ofhydrodynamic diameter d, contour length L, and persistence length q (Kuhn 
length r) . The axis of cyUnder conforms to wormlike chain statistics. Recently, 
Yamakawa and co-workers^^ have developed a heUcal wormlike chain model. This is 
more complicated and detailed model, which requires a total of five chain parameters 
to be evaluated as compared to only two, q and L, for the wormlike chain model and 
three for a wormlike cylinder. Conversely, the helical wormlike chain model allows a 
more rigorous description of properties, and especially of local dynamics of semi-
flexible chains. Due to complexity ofthis model, it has not yet gained widespread use 
among experimentalists. Yamakawa and co-workers^ ®'^ ^ have interpreted experimental 
data for several polymers in term of this model. 
From Eq. (2.3.1)，the evaluation of characteristic ratio requires measurement of 
the unperturbed dimensions ofthe polymer chain. Polymers exhibit their characteristic 
unperturbed dimensions in the bulk amorphous state, i.e., chain dimensions under these 
conditions reflect the influence of short range, rotational isomeric state, effects only. 
Prior to the availability ofsmall-angle neutron scattering (SANS) in the mid-1970s,^ ^^^ 
no method was available that allowed chain dimensions in polymer melts to be 
measured directly. SANS utilized the fact that different isotopes result in different 
scattering amplitudes for neutrons. Thus, selective deuterium labeling of some chains, 
followed by dispersing theses chains in a "solvent" of otherwise identical but non-
deutrated chains, allows the conformational properties of individual chains to be 
probed in the melt. 
SANS aUows <Rg >。，the unperturbed mean-square radius of gyration, to be 
measured. For a linear unperturbed chain, it is well-known that 
<R^>o= 6 < R ^ > o (2.3.9) 
Hence, the value of < R^ >�may be computed. 
The two dominant techniques currently in use for measuring unperturbed 
dimensions are light scattering and viscometric measurements on dilute polymer 
solutions. Macromolecular dimensions in solution are effected by both long range 
(excluded volume) and short range, rotational isomeric state, interactions^,?�ln 
thermodynamically good solvents, where solvent/polymer-segment interactions are 
favored, the chain will expand to enhance these interaction and minimize polymer/ 
polymer interactions "excluded volume effect” Conversely, in a thermodynamically 
poor solvent the chain will contract to minimize unfavorable polymer/solvent 
interactions. Flory" predicted that for polymer chain in dilute solution there would be 
exist an ideal or unperturbed state at which the so-called theta (0) condition. Here, 
through appropriate choice of solvent and temperature, the tendency for chain 
segments to interact with other chain segments or with solvent is balanced (the second 
virial coefficient A2 is equal to zero). Flory"'^ ^ suggested that polymer chains in 
solution at the theta condition and those in the bulk amorphous state should exhibit, at 
least approximately, identical conformations. 
In practice there is a growing body of experimental evidence that shows that the 
choice of theta solvent can have an impact on the magnitude of measured 
"unperturbed" dimensions^ '^^ '^^ '^^ ^ and/or the Flory hydrodynamic parameter 0)�under 
theta condkion.6o，74 j^ ^ fact, today, polymer chains are viewed by theory as being only 
quasi-ideal at the theta state^ '^^ ^ 
The most direct dilute solution technique for measuring unperturbed dimensions is 
light scattering. From a light scattering experiment on dilute solutions ofmonodisperse 
polymer, the weight average molar mass, Mw, the root mean-square radius ofgyration 
< R 2 > i � and the thermodynamic interactions (A2) can be probed by using eq. g ， 
(2.1.35). IfA2 is equal to zero then the value of <Rg^ > will be < Rg^ >o, that is the 
unperturbed value. Molar mass heterogeneity is an important consideration here, since 
the use ofeq. (2.1.35) for poIydisperse material will give a weight average molar mass, 
Mw, but a z-average size <Rg^ >z. Thus, in working with poIydisperse materials it is 
important to correct for polydispersity effects. The most common approach is to 
compute the weight-average mean-square radius of gyration <Rg^ >w using the 
equation®^ 
< R > w = i i ; ^ < R > z (2.3.10) 
where u is the polydispersity parameter equal to (M^Mn -1) with Mn being the 
number-average molar mass. Equation (2.3.10) assumes a Schultz-Zimm distribution 
of molar mass. To minimise the impact of approximate correction such as Eq. 
(2.3.10), it is important to work with well-fractionated, narrow molar mass distribution 
materials. 
As with flexible chains, most studies of conformational behaviour of stiff chains 
have involved light scattering and intrinsic viscosity studies of dilute polymer solutions. 
Excluded volume effects are of much diminished significance for stifFer chains, so 
s 
I measured persistence lengths usually show only a mild dependence on the nature of 
solvent. In fact, Norisuye and Fujita®^  have shown that excluded volume effects 
become measurable only when chain are very long (L > 100 q). Thus, the choice of 
solvent is normally of less importance in studying the conformation of stiff chains than 
it is for flexible or^s. Temperature, however, frequently has a pronounced impact on 
r-
the value ofq for stifFchain polymers.^ ^ Benoit and Dotty^ ^ have related q and <Rg^ > 
by the equation 
<Rg2> = q2 [i/3(L/(0 - 1 + (2q/L) - (2q'/L^) (1 - exp( - L/q)]] (2.3.11) 
Hence, measurement of<Rg^> by light scattering leads directly to q. 
2.4. Transformation ofG(D) to Molar Mass Distributions 
In static LLS the angular dependence of the excess absolute time-averaged 
scattered intensity, known as the excess Rayleigh ratio, Rw(q), of a dilute polymer 
solution can be measured for different concentrations C (g/mL) and scattering angles 
0. Rw(q) is related to the weight average molar mass (Mw ) using eq. (2.1.35) 
In dynamic LLS, a precise intensity-intensity time correlation function G(2)(t,q) in 
the self-beating mode can be measured. G � ( t , q ) is related to the normalized first-
order electric field time correlation function| 呂⑴(t，q)�. For a polydisperse sample, 
I g(i)(t,e)l is related to the line width distribution G(F) on the basis of eq. (2.2.20). The 
computer program CONTE^ ^^  can be used to calculate G(T) from G(2)(t,G). G(r) can 
be converted to G(D) on the basis ofeq. (2.2.20) and (2.2.21). Finally G(D) can be 
converted to molar mass distribution by using the following principles. In dynamic 
LLS, 
‘ [gG)(t)l"o 二 < E ( t ) E - ( o ) � t — � = i： G(r)dr oc I (2.4.1) 
On the other hand, in static LLS, when C ~> 0，and q ~> 0, 
M 
Rw(q — 0) XI oc M , = J/^ (M)M dM (2.4.2) 
A comparison ofeqs. 2.4.1 and 2.4.2 leads to 
j":G(r)dr oc f:fw (M) MdM (2.4.3) 
where G(r) oc G(D) since F oc D. eq. 2.4.3 can be rewritten as 
JjG(D) Dd(lnD) oc f f , (M) M^ d(lnM) (2.4.4) 
where d(lnD) oc d(lnM) since D = koM-a。. Therefore, 
f J M ) o c ^ | ^ o c G ( D ) D " ^ (2.4.5) 
where all proportional constants are omitted since they are irrelevant to a given 
distribution. From fw(M), Mw can be calculated by its definition; 
一 ffw(M)MdM _ C"-l;G(D)dD_ k ^ � 
^ “ f f J M ) d M “ pG(D)D"aDdD _tG(D)D"aDdD 
ft 
because (G(D)dD = 1. For two samples 1 and 2，we have 
( M J c a _ = [f:Gi (D)dD][tG,(D)D--dD] (二 ‘?） 
(M )^,3icd,2 - [fG,(D)D'^ "^-dD][fG2(D) do] 
where ko has been eliminated. In principle, OVUi)caicd should equal M ,^i ifao and ko are 
properly chosen, and then the difference between Mw,iMwj and p^ w,i)caicd/O^ wj)caicd should 
reach a minimum. On the basis of the above discussion, two error functions are defined as 
N 
ERROR(ao，ko) = Z[Mw., - (Mw.. )caicd f (24.8) 
i = l 
It is clear that this procedure is an Mw-constrained analysis. First, by iteration ao, we can 
find a proper ao to minimize ERROR(ao); and then, with this ao, we can find ko by 
iteration to minimize ERROR(ko). In this way, we wiU be able to obtain ko and otD with 
only a set ofbroadly distributed samples. 
Chapter 3 
Experimental 
3.1 Laser Light Scattering Instrumentation 
A modified commercial light-scattering spectrometer (ALV/SP-125) equipped 
with an ALV-5000 multi-T digital time correlator and an solid state laser (ADLAS 
DPY 42511，output power « 400 mW at Xo = 532 nm) or with an argon ion laser 
(Coherent ES[NOVA 90, operated at a wavelength of488 nm and 400 out power mW) 
as the light source (Figure 3.1.1) was used. It is essential to choose a laser light 
without or with less adsorption in the solution studied. By this spectrometer, both 
static and dynamic light scattering measurement can be done. The primary beam is 
vertically polarized. A compensated beam attenuator O^ewport M-925B) was used to 
regulate the incident laser light intensity to avoid possible localized heating in the light-
scattering cuvette. The cell contained dust free sample solution was put in the index 
matching vat, in which the temperature is controlled by NESLAB RTE-210 
refrigerated bath/circulator. The intensity of scattered light was detected by a THORN 
EMI photomultiplier tube for counting the number of photons. The intensity-intensity 
time correlation functions (dynamic LLS) were measured by an ALV-5000 multiple-T 
digital correlator. The correlation functions were accumulated until the net photon 
count was beyond 10^  per second. The difference between the measured and calculated 
baselines was no more than 0.1%. All LLS measurements were carried out at 25.0 土 
0.1�C. 
3.2 Refractive index increment measurement (dn/dC) 

























































































































































































































































































































































































































































































a solution with change in concentration of solute (c). All refractive index increments 
(dn/dC) were determined by a recently developed differential refractomete,. In this 
novel refractometer, a small pinhole with a diameter of 400 ^m is illuminated with a 
laser light (Figure 3.2.1). The illuminated pinhole is imaged to a 6 mm position-
sensitive detector (Hamamatsu S3932) by a lens located in equal distance between the 
pinhole and the detector. The distance between the detector and the pinhole is four 
times the focal length ( f= 10 cm) ofthe lens, i.e., a (2f- 2f) optical design have been 
used instead of a conventional (lf) design where a parallel incident light beam is used, 
and the distance between the detector and the lens is only one focal length. This (2f-
2f) design is optically equivalent to placing the detector directly behind the pinhole, so 
that the laser beam drift is eliminated. A refractometer cuvette (Hellma 590.049-QS, 
# with 60° partition to two chambers) is placed just in front of the lens. The pinhole, the 
cuvette, the lens, and the detector are rigidly mounted on a small optical rail. The 
refractometer has dimensions of only 40 cm in length, 15 cm in width, and 10 cm in 
height. The output voltage ofthe detector is proportional to the displacement ofthe 
Ught spot from the center of the detector caused by the refractive index difference 
between the polymer solution and the solvent. The detector resolution is 0.2[im, 
which corresponds to resolution of 10^ in the refractive index measurement. This 
refractometer has been incorporated into the laser light-scattering spectrometer, 
wherein the same laser has been used as the light sources in both the laser light-
scattering spectrometer and differential refractometer. Thus, the problem of 
wavelength correction is eUminated. In comparison with a conventional differential 
refractometer where a micrometer is normally used to read the beam displacement, the 
use ofthe position-sensitive detector together with the data acquisition system (a 16-
bit analog-to-digital data acquisition card QS[ational Instrument)) not only increases the 
accuracy of measured u but also makes a large amount of measurements possible and 
easier. The temperature ofthe cuvette was precisely controlled by YSI Proportional 
Temperature Controller OModel 72) to the temperature 25 土 0.01�C. 
For each measurement, the reading of the position-sensitive detector was set zero 
by filling both sides ofthe cuvette chambers with solvent. Afterward, the solution was 
filled into the solution chamber, and then the difference in the refractive index (An) 
between the solution and solvent was recorded. After each measurement, both sides of 
the cuvette was filled with solvent to check the zero point. The value of dn/dC was 
obtained from the slope of the graph of An against concentration of the sample. 
3.3 Size Exclusive Chromatographic Instrumentation 
A commercial SEC (Waters, ALC/244) with a combination of i^-Styragel columns 
(designated as 10^ lO�，10^ A�and connected in series) was used for the fractionation 
of hydroxyethyl cellulose acetate. Tetrahydrofiirane was used as an eluting solvent. 
Different flow rate were used. All the SEC measurements were done at T = 25 °C. A 
differential refractometer (Waters, Model 410) was used as a detector. The resulted 
elution volume distributions C(V) were digitalized into a PC. 
t-
Chapter 4 
Laser light-Scattering study of Novel Thermoplastics: 
Introduction 
High-performance thermoplastics with excellent heat resistance are currently 
receiving considerable interest as advance materials. Among them are poly(aryl ether 
ketones), well known in the form of poly(ether ether ketone) (PEEK) and poly(ether 
ketone) (PEK). They have been used as matrix resins for advanced composite materials 
for aircraft and automobiles because of their high mechanical strength, excellent 
thermal stability, and good chemical resistance.''''' However, poly(aryl ether ketones) 
have several limitations in preparation，^ moulding, and processing^ and low thermo-
oxidative stability.^ ^ Also, these polymers are only soluble in strong acids or solvents 
with a boiling point higher than their melting points, mainly due to their insoluble 
crystalline structures. So far, few studies on dilute solution properties ofPEEK have 
been done because PEEK can only be dissolved in concentrated H2SO4, HSO3Cl and 
CH3SO3H.^ ^^ ^ To solve this solubility problem, functional groups are normally added 
as a side groups or directly onto the polymer backbone to reduce or suppress the 
crystalUne structure. However, a gain in solubility is frequently accompanied by a loss 
in thermal stability.^ ^ 
Recently, two novel thermoplastics with amorphous structures, phenolphthalein 
poly(ether sulfone) (PES-Cf and phenolphthalein poly( ether ketone) (PEK-Cf, 
have been successfully developed at the Changchun Institute of Applied Chemistry, 
Academy of Science, China. PEK-C and PES-C are not only have outstanding 
physical and mechanical properties, but are also soluble in polar organic solvents, such 
as C H C l 3 , iV;iV-dimethyl formamide ff)MF), dimethyl acetamide (DMAc) and iV-methyl 
pyrrolidinone QmP). Some solution properties ofPES-C, such as the Mark-Houwink 
equations of [r\] = 1.21 x lO'^C'e in CHCl3 and h ] = 6.88 x lQr'UJ''' in DMF^' 
and Flory characteristic ratio (Coo) of(1.84�1.93) have been determined previously.^ ^ It 
should be noted that these €« values were calculated on the basis oftheir repeating 
chain units, not on the average bond length. Some dilute solution properties ofPEK-
C, such as the interaction with organic solvents，^ the Mark-Houwink equations in 
CHCl3 and D M F , and a 9-solvent composition/®® were previously determined. It is 
recommended for high temperature and solvent resistant membranes.^ 
4.1. Light-Scattering Characterization of a Polymer Mixture Made of Individual 
Linear Chains and Clusters 
A small amount of high molar mass polymer clusters might sometimes be 
produced in a given polymerization due to the chain transfer or branching, e.g. 
crosslinking in the epoxy curing p r o c e s s . ^ Ifthis happens, the final product will be a 
polymer mixture ofindividual linear chains and clusters. On the one hand, this small 
amount of high-molar mass clusters can greatly affect the product's rheology and its 
ultimate usage. On the other hand, these high-molar mass species are often overlooked 
in some conventional analytical methods^, such as in size exclusion chromatography, 
because in terms ofweight or number the amount of these high-molar mass species are 
too small to be detected. But in other analytical methods, such as in classic (static) 
laser light-scattering ^.LS), a small amount of polymer clusters can lead to a false 
apparent weight-average molar mass Mw,app-
According to the LLS theory/®^ '^ ®^  the weight-average molar mass M^ can be 
measured on the basis of eq. (2.1.35). If there exist polymer clusters with a high 
weight-average molar mass, MwWill be an apparent weight- average molar mass Mw,app 
and 
llMfS^)dM fMC(M) dM 
M— 二 \/AM)^ “ l f ( ^ ) ^ 
l^MC(M) dM jc(M) dM J:MC(M) dM f^C(M) dM 
二 lf{M)cM ]f{M) dM ^ ]y{M)dM JC(M) dM 
= MwJ,XL+Mw,HXH (4.1.1) 
where the subscripts "L" and "H" are denoted to low molar mass linear polymer chain 
. and high molar mass clusters, respectively; a is the cut-off molar mass between the 
linear chains and clusters; fw(M) [^C(M)] represent the weight distribution; 
J"C(M) dM and j c ( M ) dM are the concentrations (CL and Cn ) oflinear chains and 
clusters, respectively; XL (= CL /C) and XH (= Cn /C) are the weight fractions; and XL + 
XH = 1. Eq. (4.1 • 1.) clearly shows that if M ,^H�Mw，L，the M^ measured from static 
LLS will be seriously distorted by the presence of a very small amount of high molar 
mass clusters. Therefore, it is very important to have a reliable analytical method for 
the characterization of lower-molar mass linear chains in the presence of high molar 
mass clusters. 
It is the study of phenolphthalein poly(ether sulfone) ^>ES-C) that brought us into 
this kind of "chain-and-cluster" mixture. PES-C as a new kind of high performance 
thermoplastic resin has recently been developed to substitute for poly(ether ether 
ketone) ^>EEK), because the process ofPES-C are much easier in comparison with 
that ofPEEK, PES-C has some similar mechanical properties as that of PEEK. The 
previous static LLS studies of a similar system showed that the PES-C's Mw is higher 
than 100,000 which is the expected high limit for polymers made from 
polycondensation.io6 Moreover, the high glass transition temperature of PES-C also 
leads us to believe the existence of some high-molar mass clusters formed during the 
polymerization process. In order to prove it, we adopted a method of combining both 
static and dynamic LLS to characterize PES-C. This method has recently been used to 
characterize the block ionomers in the presence of small amount of the ionomer 
aggregates,io7 in this study, our objective are (1) to prove the feasibility of applying 
this combined LLS method in the characterization of a polymer mixture made of 
individual linear chains and clusters; and (2) to use this LLS method to characterize 
. PES-C. 
In dynamic LLS, the integrated area (A) under G<r) (or G(D)) is proportional to the 
access scattered intensity over solvent. For a polymer mixture of linear chains and 
clusters, if there exist two distinct peaks in G p ) , denoted as GL(D) and Gu(PX the 
area ratio Ar ofthese two peaks can be written as 
^ A = l = i > L ( D ) d D = j ^ = j ^ 
‘ A „ j^GH(D)dD Mw,HCH Mw,H� 
where as before the subscripts "L" and "H" are also denoted to low-molar mass linear 
chains and high molar mass clusters, respectively; and "y" is the cut-off translational 
diffusion coefficient between Gt(D) and GHp). On the basis of eqs (4.1.1.) and 
(4.1.2)，a combination ofMw,app from static LLS and K from dynamic LLS will lead to 
(Mwo., XL and Mw i^, xn. In principle, by knowing any one of the four parameter (Mw，L， 
Mw3, XL and XH), we wiU be able to determine the remaining three parameters. 
Samples preparation: Three narrowly distributed polystyrene standards O^JM^< 
1.05) from Polymer Laboratories Ltd., U.K. were used without further purification. 
Static LLS confirm that the weight-average molar mass ofthese standered are 1.20 X 
105,3.00xl05 and5.94xl06,gAnol. Three polymer mixtures were made from two 
out ofthese three polystyrene standards with different macroscopic weight ratios, so 
that the scattered light intensity ratios between the two polystyrene standards in the 
mixture were -1:1, -1:2 and -2:1. These mixtures are respectively denoted as MX-
11，MX-12 & MX-21 hereafter. In these mixtures, the polystyrene standard with a 
higher-molar mass was acted as the cluster in the mixture. The detail of these 
mixtures, such as M: ,M; : ,H, x»,A；, and M；, are listed in Table (4.1.1), where 
the superscripts "m" and "c" are respectively denoted to the measured and calculated 
values. PES-C and PEK-C with the following chemical structures. 
0 
" H ) " ^ c ^ ^ ^ ^ " " ^ I A " ^ 
< ^ � 
0 O^ES-C) 
• o ~ ~ ^ � ^ ^ " " ~ ~ ~ ^ Q r T ~ ^ 
< ^ 0 
0 (PEK-C) 
PES-C was synthesised by a one-step polycondensation of phenolphthalein with 4,4'-
dichloro benzosutfone in the presence of dry K2CO3. The PES-C sample was then 
fractionated which were labelled as PES 1 一 PES5 thereafter. A high-molar mass PES-
C fraction was used in this study. Analytical grade chloroform (Merck) was used as a 
solvent without further purification. The PEK-C samples were synthesized by the 
following nucleophUic substitution polycondensation: First, equal molar 
phenolphthalein and dichlorodiphenyl ketone were dissolved in cyclobutane sulfone 
(TMSO2); then, excess amount of dehydrated K2CO3 was added as a catalyst; and 
finally, the solution mixture was heated to 220 °C, and reaction was carried under N2 
for 8 hours. A 2% solution of PEK-C in DMF was fractionally precipitated with 
ethanol at room temperature. The precipitates were washed with ethanol and then 
dried in vacuo at 60 °C for 48 hours. Five fractions were obtained and denoted as PK1 
—PK5 thereafter. 
In this study, the analytical grade CHCl3, which is a good solvent for both PEK-C 
and PES-C was used without further purification. For each PES-C or PEK-C fraction, 
-i 
five concentrations ranging from 2.0 x 10^ to 2.5 x 10"^  g/mL were prepared by 
dilution. In the first stage ofthe LLS experiments, the solutions were clarified by 0.5 
j or 0.22-pim Millipore filters. In the second stage, 0.1-^ im Whatman filters were used 
I 
for all solutions. 
Results and discussion 
Figure 4.1.1 shows a typical Zimm plot of PES-C in chloroform at T = 25 °C, 
which incorporates the both q and C dependence ofRw(q) on a single grid. The PES-
C concentration ranges from 0.373 to 1.86 mg/mL. According to eq. (2.1.35), the 
extrapolations of C — 0 and q ^ 0 lead to Mw, which is Usted as M°，in Table 4.1 • 1 • 
Jn addition, from the slopes ofthe plots of"( KC/Mq) )c~>o vs q^  and ^CC/Rw(q))q^o 






































































































































































































































































































































































































































































































































































































































































































































































respectively. The measured M^ is higher than the expected value (<100,000) for a 
polymer made from polycondensation. In the previous static LLS study of a similar 
system,io6 there is no explanation given to this unexpected higher value ofMw. 
Figure 4.1.2 shows a typical translational diffusion coefficient distribution G(D) of 
PES-C in chloroform at T = 25 °C and 0 = 20°, where G(D) was calculated from the 
measured time correlation function G(2) (t,q) by using the Laplace inversion program 
CONTrN®^ equipped with the digital time correlator. The peak with a higher D is 
expected for PES-C synthesized from the polycondensation since this peak 
corresponds to the expected small size for polymers ( Mw<100,000 ) synthesized from 
polycondensation. The unexpected second peak with a lower D seems to represent the 
contribution from some larger species, namely the high-molar mass clusters with an 
‘ unknown nature and structure. These two distinct peaks in G(D) were persistent even 
in a very dilute solution (〜0.04 mg/mL). 
Figure 4.1.3 shows the plots of the average hydrodynamic radius <Rh> versus q^ 
for the low-molar mass PES-C chains (0) and high-molar mass clusters (•)，where Rh 
was calculated from D by using the Stokes-Einstein equation: Rh = kBT/(67cr|D) with 
ke, T, and r\ being the Boltzmann constant, temperature (K) and the solvent viscosity, 
respectively. <Rh> of the low-molar massPES-C chains is independent on q because it 
is very small in comparison with the light wavelength. In contrast, the <Rh> o f the 
clusters is linearly dependent on q^. As q ^ 0’ <Rh > of the clusters approaches 146 
nm which is quite larger than that ofthe linear PES-C chains. In the previous study of 
a similar system/°^ these larger species were overlooked even without the notice of 
their existence. At first, these larger species observed in dynamic LLS were considered 
^ 























































































































































































































































































































































































































































































































































































































































larger species in the solution can be easily removed by a simple filtration with a smaller 
pore size (0.1 ^im) filter. 
Figure 4.1.4 shows a typical translational difiRision coefficient distribution G(D) 
after the removing of the larger clusters from the same solution used in Figure 4.1.2 by 
a filter with a pore size o f0 .1 ^im, where the rest of the experimental conditions were 
identical as that in Figure 4.1.2. A comparison ofFigures 4.1.2 and 4.1.4 clearly shows 
that the larger species in Figure 4.1.2 have already been removed. Moreover, these 
larger species not appeared when the filtered solution was stood at room temperature 
for more than six weeks. This leads us to believe that the existence of these larger 
species in the PES-C solution cannot be simply attributed to some structures 
, associated kinetically because the association are normally depend on the polymer 
^ concentration and they cannot be easily eliminated by a filtration. Therefore, these 
larger PES-C clusters might be formed during synthesis. A possible way to form the 
larger clusters might be through the opening of the ester ring in phenolphthalein, which 
might lead to the branching along the backbone chain or even possible crosslinking 
between different PES-C chains. The existence of these larger polymer clusters might 
partially explain why PES-C has some similar viscoelastic and mechanical properties as 
PEEK even though the interaction among the PES-C chains are expected to be much 
less than that among the PEEK chains because the introduction of the phenolphthalein 
“ side groups along the PES-C backbone chain has prevented the close packing of the 
PES-C chains. 
After removing the larger clusters from the PES-C solution by the filtration 
method, we also characterized the linear PES-C chains left in the solution by using 
















































































































































































































close to the expected one. We also obtained that <Rg > = 17.4 nm; and A2 = -4.0 x 10" 
(mol.mL/g2). The ratio of<Rg>/<Rh> is -1.34, which indicates that the PES-C chain 
has a random-coil conformation in chloroform at T = 25 °C, which has also been 
observed from the previous intrinsic viscosity study of a similar system^® .^ This is 
expected from the polymer structures because there are two very flexible ether linkages 
( -0 - ) in each repeating unit. The fact ofPES-C being a polymer mixture ofindividual 
linear chains and clusters forced us to reexamine the apparent results previously 
obtained from Figure 4.1.2 by using the LLS procedure described in the section 4.1 of 
Basic Principles. But before applying it to the PES-C sample, we have to first check 
its validity and limitation in the characterization of such a polymer mixture. For doing 
so, we used three two-polystyrene mixtures as the imitated model systems, wherein the 
polystyrene with a higher molar mass acted as the cluster. 
Figure 4.1.5 shows typical translational diffusion coefficient distribution, G0)), of 
the two-polystyrene mixture MX-11 at two different scattering angles (0, 0 = 14。and 
•，6 = 17° ). The two relaxation processes associated with the lower and high molar 
mass polystyrenes are well separated. The peak with a higher average diffusion 
¢^  coefficient shows the polystyrene with a lower molar mass O^w,L>, and the peak with a 
" lower average diffusion coefficient, the polystyrene with a higher molar mass O^w.H>. 
’ The narrow peak widths confirm that the polystyrene samples used here are narrowly 
distributed. Figure 4.1.5 also shows that the two peak positions are basically 
“ independent on the scattering angles within the small angle range of 9。• 20。，but the 
area ratio K (=AJAn) slightly varies with the scattering angle. 
Figure 4.1.6 shows the area ratio K = Ah /An of two peaks in Figure 4.1.5 as a 






























































































































































































































































































































































































































































































intensity scattered by the larger size polymer "cluster" decreases much faster than that 
by the smaller-size linear polymer chain. More specifically, on the basis of eqs. (4.1.1) 
and (4.1.2)，the q^ dependence o f the scattered light intensity or the peak area (A) 
under G(D) for a dilute solution at finite q, with <Rg^>q^ « 1，can be written as 
A = j ^ G ( D ) d D o c M ^ C / ( l + ^ < R ^ > q 2 + 2 A 2 M w C ) (4.1.3) 
i3 
so that for a polymer mixture of low-molecular linear chains and high-molar mass 
clusters the area ratio (Ar) should be 
A,. M , . , C , [ l + ( l / 3 ) < R ^ >H q2 + 2 八 2 具 , 》 0 „ ] 
Ar 二 ^ 7 = Mw,HCH [1 + (1 / 3) < R : >L q2 + 2A2,LMw,LCL ] 
^ ^ ^ [ a . a „ + | ( a L < R : 、 - 〜 < R ： >L>q^+Oq^ (4.1.4) 
Mw，HCH 3 
where at = 1 - 2A2,L M^ j . Ct and an = 1 + 2A2,H M^,H Cn- Eq. (4.1.4) shows that the 
plot of"ArVS q2" is a straight line when <Rg^> q^ « 1 where the high-order term o(q^) 
can be dropped out. This is why the assessable small angle range used in this study is 
vital since <Rg^>n is usually quite larger for the high-molar mass clusters. Figures 
4.1.7 and 4.1.8 for area ratios 1: 2 and 2:1 are also given for reference. On the basis of 
eq. (4.1.4), the intercept in Figure 4.1.6 should be very close to (Mwj. XL>/(Mwji xu) 
since a[ an = 1 for a very dilute solution; and the slope can be directly related to 
<Rg2>H since <Rg^>n is normally much larger than <Rg^ >L. 
A combination ofthe ratio (A,),^o [=OVlwj. XL)/QA^M xn)] from dynamic LLS with 
the mixture's weight-average molar mass Mw,app from static LLS leads to the values of 





























































































































































































































































































































































































































































of the four parameters (Mw,L. XL, Mw.H and xn), we should be able to calculate the rest 
o f three. However, it would be rather difficult to accurately determine xn or Mw,H 
because the amount of high molar mass polymer clusters is usually very small. 
Therefore, a more practical way is to determine either Mw,L or x i . Further more, in 
term of the experimental accuracy and difficulty, the determination o f XL, rather than 
Mwj., is even preferred. On the basis of this consideration, we used the xi values 
known from the preparation of the polymer mixtures to calculate the weight-average 
molar mass: MJ, L and M ^ ^. 
Table 4.1.1 summarizes all the calculated values of M ^ L and M ^ n for three 
polystyrene mixtures. A comparison of each pair of the corresponding values of 
"M;^ L and M。H’，and " M ^ n and M:/， for each mixture shows that the LLS method 
adopted here works reasonably well for the imitated polymer mixtures made of low-
molar mass polymer chains and high-molar mass polymer "dusters" i f considering all 
uncertainties involved in the actual experiments. This agreement between the measured 
and calculated weight average molar mass gives us confidence to use the above LLS 
method for the characterization of PES-C. However, it should be stated that i f the 
amount o f high-molar mass clusters is too small, i.e., XH « 1 or XL 〜1，the errors 
introduced in the determination of xn or the calculation of Mw,n from the x [ value 
would be rather large. Fortunately, we can see in Figure 4.1.2 that the amount o f the 
PES-C clusters (i.e., the area under the peak with a lower value o f D ) is not too small. 
Figure 4.1.9 shows a plot o fA r versus q^ for PES-C in chloroform at T = 25 °C 
where (0) represent the experimental data and the line, a least-square fitting o f A , = 
1.01 + 5.60 X 10" q2. On the basis of eq (4.1.4)，after the correction o f a[ and an with 











































































































































<Rg> (the PES-C cluster's radius of gyration) = 130 nm from the slope, respectively. 
It should be noted that the ratio of <Rg>/<Rh> for the PES-C clusters is only 〜0.89 
which implies that the PES-C clusters are highly branched polymers and have a 
compact conformation in chloroform at T = 25 °C.^^ From the listed values of 
M : and A " listed in Table 4.1.1, we were able to calculate Mw,L xt and Mw,H XL. 
Further we used the new precise differential refractometer^^ to determine x[. 
Figure 4.1.10 shows a plot of the refractive index increment (An) versus C for 
PES-C in chloroform at T = 25 °C, where (0 ) represent the experimental data and the 
line is a least-square fitting o fAn = -8.34 x 10"' + 2.04 x 10"' C = 2.04 x lO''C. The 
slope leads to the value of dn/dC 二 0.204 mL/g, which was used in Figure 4.1.8 to 
calculate M；；. With this calibration between An and C, we are able to determine the 
concentration of a given PES-C solution as long as the same solvent and temperature 
are used. Figure 4.1.4 has shown that the PES-C clusters can be easily removed by 
using a filter with a pore size of0.1 ^lm. Therefore, for a given solution with a known 
concentration o f C = 1.82 mg/mL, we were able to determine C and Ct from the An 
values measured before and after the filtration, respectively. They are shown by the 
square and triangle in Figure 4.1.8. The vlues of CJC are listed in Table 4.1.1 under 
x [ Figure 4.1.8 also shows that in the dilute range the An vs C plot is a straight line, 
n ^ e l y An is proportional to C. In this case, x[ can be directly calculated from the 
ratio of the two measured An values. In this way xt is independent on the calibration 
o fAn vs C. Therefore, the uncertainties in x[ were greatly reduced and so do the final 
results. 
With this independently determined xt, we were able to obtain the weight-average 










































































































































































































































































































M : L and M ^ n in Table 4.1.1 It can be seen that for PES-C the M'w,L value is very 
close to the M " ^ , which shows the LLS method used in this study is a good, workable 
and useful method for the characterization of the polymer mixture made of linear 
chains and clusters. 
4.2. PES-C and PEK-C Chain Flexibility and Molar Mass Distributions 
In this study, our emphasis are the PES-C and PEK-C chain conformation and 
flexibility in CHCl3 on the basis of molar mass dependence of <Rg> and <Rg>/<Rh>, 
where <Rg> and <Rh> are the average radius of gyration and average hydrodynamic 
radius, respectively, and also the relationship between the translational diffiision 
” coefficient from dynamic laser light scattering ^ X S ) and the molar mass from static 
LLS. We wil l show the characterization of the molar mass distribution (MMD) of 
PEK-C and PES-C from its translational diffusion coefficient distribution G(D). 
Figures 4.2.1 and 4.2.2 show typical Zimm plots for PEK-C and PES-C 
respectively in CHCl3 at 25。C, where a 0.22-|xm filter was used and C ranges from 
2.75 X lO^to 1.37 X 10"^  g/mL. On the basis ofeq. (2.1.35), we obtain the values of 
Mw, Rg, and A2 respectively from [KG/Rw(e)]e^o,c^o, [KC/Rw(e)]c^o vs q^, and 
[KC/Uw(e)]e^o vs C. The static LLS results for PEK-C are summarized in Tables 4.2.1 
and 4.2.2 and for PES-C in Table 4.2.3. The positive values of A2 indicate that CHCl3 
is a good solvent for both PEK-C and PES-C at 25 °C. It should be noted that for 
fractions PK4 and PK5 the Mw are very small, so the errors associated with their <Rg> 
values should be large, and it should be read only as a reference, i.e., < 10 nm. 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































persistence length, £, on the basis of <Rg^> = ^ { l / 3 ( L / 0 -1 + (2^/L) - ( 2 f n . ^ ) [ l -
exp(-L/€)]}，84 where L (= nl。）is the contour length with 1。being the projected length 
o f the segments between two ether linkages and n (= M^/Mo) being the number of the 
segments. In the case of PEK-C, the average values ofl。and Mo are 〜1.1 nm and 
〜248 gAnol, respectively, while in the case of PES-C, the average values of 1。and Mo 
are 〜1.1 nm and 〜266 g/mol, respectively, according to their structures. Strictly 
speaking, n = (MzMw)(MJMo). The value of7 estimated from five PEK-C samples is 
~1.2 nm in CHCl3 at 25 °C, which leads to a value of €« 〜17，on the basis of Co = 
(2^/lo)-l where l。is the average bond length,^ indicating that PEK-C has a typical 
flexible chain conformation in CHCl3 at 25 °C. The value of £ estimated from five 
PES-C samples is 〜1 nm in CHCl3 at 25 °C, which leads to a value of €« 〜13. In 
comparison to PEK-C, the PES-C chain is more flexible, which may related to the 
• difference between the sulfone and ketone groups, 
j 
Figure 4.2.3 shows a typical plot of the measured intensity-intensity time 
correlation function ofPES-C in CHCl3 at 0 = 20° and T = 25 °C. For a poIydisperse 
sample, g("(t,6) is related to the line width distribution G(r) . 
^ Figure 4.2.4 shows a typical line-width distribution, G(r)，ofPEK-C in CHCl3 at 
25 °C after the solution was clarified with .a 0.22-p,m filter. The fast relaxation (peak 
1) corresponds to single PEK-C chains, and the slow relaxation (peak 2) in the bimodal 
distribution indicates that there exist some large species in the sample. The PEK-C 
s；‘ 
【 samples are broadly distributed, which is inconsistent with the prediction o f M ^ M n < 2 
for a polycondensation reaction. 
Figure 4.2.5 shows the plots of <F>/q^ vs q^ for the peaks 1 and 2, where 







































































































































































































































































































































































































































































































































































relaxation processes observed in Figure 4.2.4 are diffusive. For a diffusive relaxation, 
r can related to both C and 9. On the basis of eq. (2.2.20), D，f, and kd can be 
calculated. In this study, we found that kd is very small. With a pair of values for Kd 
and f, G( r ) can be converted into G(D). Further, we can calculate the average 
translational diffiision coefficient, < D > [= ^ G^) )DdD] , and the average 
hydrodynamic radius, <Rh> [= KBT/(671r|<D>)], where Ke, T, and ” are the Boltzmann 
constant, the absolute temperature, and solvent viscosity, respectively. The values of 
<D>, <Rh>, and <Rg>/<Rh> offive PEK-C samples are also listed in Table 4.2.1. The 
ratios of<Rg>/<Rh> are slightly higher than (1.4-1.8) observed for a flexible polymer 
chain in good solvent/^possibly because the PEK-C samples are broadly distributed. 
Later, we found experimentally that the slow relaxation peak can be removed by a 
filter with a small pore size, which further indicates that the slow relaxation peak in 
Figure 4.2.4 is related to some large species in the PEK-C sample. It should be 
emphasized that these large species cannot be attributed to dust since they consistently 
appear at the same position of the line-width distribution. 
Figure 4.2.6 shows the translational diffusion coefficient distributions, G(D), of 
five PEK-C samples in CHCl3 at 25 °C, where 0.1-^im filters were used. In 
comparison with Figure 4.2.4, the large species in the samples have been removed, so 
that G(D) become a monomodal distribution. The large cluster did not reappear after 
15 days, which leads us to believe that the large clusters are not the PEK-C 
aggregates. In this case <D> is independent of the scattering angle. The values of 
<D> and <Rh> together with Mw and <Rg> from static LLS are summarized in Table 
4.2.2. The ratios of <Rg>/<Rh> (〜1.5) are close to the value predicted for a random 













































































































































































































































CHCb at 25。C. 
Figure 4.2.7 shows translational diffusion coefficient distribution, G(D), of five 
PES-C samples in CHCl3 at T = 25°C, C — 0 and q — 0. From G(D), we were able to 
calculate the z-average translational diffusion coefficient <D> and further, the average 
hydrodynamic radius <Rh> by replacing D in the Stokes-Einstein equation with <D>. 
The values of <D>, <Rh>, and <Rg>/<Rh> of five PES-C samples are also listed in 
Table 4.2.3. The ratio <Rg>/<Rh> is in the range of (1.5-1.8), normally observed for a 
flexible polymer chain in good solvent.^ They further indicate that the PES-C chain 
in CHCl3 at T = 25 °C have a coil conformation. However, it should be noted that 
<Rg> and <Rh> are obtained from different averages. The value of <Rg>/<Rh> for a 
real polymer sample with a certain polydispersity is normally larger than the 
theoretically predicted for an ideal monodisperse polymer sample. 
Figure 4.2.8 shows that log(<Rg>) is a linear function of log(Mw) for PEK-C in 
CHCl3 at 25 °C. The continuous and dotted lines represents the fitting of <Rg>(nm)= 
(3.73 土 0.20) X 10-2M/56 土 ' ' ' and <Rg>(nm) = (3.50 土 0.20) x 10'" M w " ' 土 o.oi， 
respectively. For a similar molar mass, the value of <Rg> obtained without removing 
the large species is greater because <Rg> is a z-averaged value, while M^ is only a 
weight-averaged one. The exponential value of 〜0.55 土 0.01 also indicates that PEK-
C in CHCl3 at 25。C has a coil conformation and the PEK-C chain is flexible in CHCl3. 
In the case ofPES-C the errors associated with their Rg values are large, so that they 
can be read only as a reference. Nevertheless, the scaling of Rg with Mw shows that Rg 
oc M / 5 2 - 0.53，which indicates that the PES-C chain in CHCl3 at 25。C might have a 
random coil conformation. 


























































































































































































































































































































































































































































































































































































































































































for PEK-C and PES-C respectively in CHCl3 at 25°C. The lines show a fitting o f 
D(cm ' / s) = < kD > Mw_<aD>,with <ko> = (2.37 土 0.05) x 10^ and <ao> = (0.55 土 
0.01) for PEK-C and <ko> = (2.26 土 0.02) x 10^ and <ao> = (0.54 土 0.03),for PES-C, 
where " < >，，indicates the values of <ko> and <ao> were obtained from <D> and M ^ 
other than from D and M. The values of <ao> indicates that both PEK-C and PES-C 
chains have a coil chain conformation in CHCl3 at 25 °C. In principle, with these pairs 
o f < o t D > and <ko>, we can transform GOD)s into a molar mass distributions ( M M D ) , 。 
However, the PEK-C samples are broadly distributed even after using a 0.1-^un filter. 
Previous s tud ies^ ,^ have shown that using <ko> and <ao> instead o fko and ao for a 
broadly distribution sample can introduce a large error in the final M M D . Therefore, 
we have to use a method ofcombining both static and dynamic LLS results/^ wherein 
the values ofMw and G(D) from more than one broadly distributed sample wi l l be used 
to find ko and ao. The principle of th is method has been given before/'^ Using this 
method, we have found that ao = 0.555 土 0.015 and ko = (2.20 士 0.10) x 10"' for 
PEK-C and ao = 0.55 and ko = 2.45 x 10^ for PES-C, These pairs o f otD and ko 
defines the calibrations between D and M for PEK-C and PES-C in CHCl3 at 25。C， 
shown in Figure 4.2.9 and Figure 4.2.10 respectively by the dotted lines. According to 
Flory's prediction for a polymer coil,"^ ao = (1 + o^)/3, where o^ is a scaling 
constant in ri] = k ^ M ^ " \ with [ ^ ] being the intrinsic viscosity. The previous results^ 
showed that o^ = 0.66 for PEK-C. This leads to ao = 0.552, which agree well with the 
otD= 0.555 from G^D) and M^. 
Figures 4.2.11 and 4.2.12 respectively show differential weight distributions, 





























































































































































































































































































































































































































































only one broad peak, even though G(r) shown in Figure 4.2.4 is a bimodal 
distribution. This is because G p ) is an intensity (z-) distribution is much more 
sensitive to large species in the sample than fw(M), namely G(D) oc I oc fN(M)M^, while 
fwOSd) Qc fNOVl)M, where f^QA) is a differential number distribution. The disappearance 
o f the second peak in f J ^ indicates that the number ofthese large species in PEK-C 
is very small. From each fw(M) in Figures 4.2.11 and 4.2.12, we were able to calculate 
the corresponding weight-average molar mass, (Mw)caicd, and polydispersity index, 
OVIwMn)caicd. They are listed in Tables 4.2.1 and 4.2.2, respectively. The PEK-C 
samples before removing the large species are broadly distributed. I t should be stated 
that the existence ofsmall amount oflarger species was not observed in gel permeation 
chromatography (GPC) studies because GPC is less sensitive to the trace amount o f 
large species. 
Figure 4.2.13 shows five differential weight distributions, fw(M), o f the PES-C 
samples. From each fy,QA) we were able to calculate the weight average molar mass 
OV^ )^caicd and polydispersity index OV^/HODLs，which are listed in Table 4.2.3. The 
values ofMw/Mn show that the distribution of the PES-C samples after clarifying with 
a 0.1-pim filter are fairly narrow. For comparison, O^wMn)opc obtained in GPC are 
also listed in Table 4.2.3. The values o f M w / H i from GPC are larger than those from 
DLS because light scattering species with a weight high molar mass more than those 
with a lower molar mass, namely M „ estimated from dynamic light scattering is 
generally higher than the true M„, or in other words, a smaller MwM„. 
4.3. Molar Mass Distribution ofUnfractionatcd PEK-C and PES-C Samples. 























































































consuming process, we intend in this study to demonstrate that using two broadly 
distribution samples, we were also able to characterize the molar mass distribution of 
PEK-C and PES-C by a combination of static and dynamic LLS. 
Figure 4.3.1 shows a typical plot of the measured intensity-intensity time 
correlation function for UPES-1 in CHCl3 at 0 = 20° and T = 25 °C. The insert shows 
a typical G(r) calculated from G(2)(t,q) using the Laplace inversion program 
(CONTES0. On the basis ofeq. 2.2.20, we determined the average values of <D>, <f> 
and <ko> from the q- and C-dependence of the average line width 
m 
<r>[=J^G(F)rdr]. The results are summarized in Table 4.2.4 for PEK-C and in 
Table 4.2.5 for PES-C. The values of<f> (-0.1) agree well with those predicted for a 
random-coil polymer chain in good solvent. The small values of <ko> (〜20 mL/g) are 
.¾.' 
expected because ko = 2A2Mw _ CoNARh^Mw, and for A2 > 0，the thermodynamic term 
(2A2Mw) is partially cancelled by the hydrodynamic term (CoNARh^Mw), where Co is a 
positive constant. For these samples T « Dq^ because (1 + kdC)(l + f <Rg^>zq^)〜1， 
which can be used to convert G(T) to G^)). 
Figure 4.3.2 shows typical translational diffiision coefficient distributions G(D) for 
unfractionated PEK-C samples and Figure 4.3.3 shows two typical G(D) in CHCl3 for 
PES-C. From GOD), we were able to calculate the z-average translational diffusion 
coefficient <D> and then average hydrodynamic radius <Rh> by replacing D in the 
Stokes-Einstein equation with <D>. The values of <D>, <Rh>, and <Rg>/<Rh> o f one 
unfractionated PEK-C sample are listed in Table 4.3.1 and for two unfractionated 
PES-C samples are listed in Table 4.3.2. Further, using our previously established 
calibrations o f D = (2.37 x 10^)M^' ' for PEK-C and D = (2.45 x 10^)M^^" for PES-



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































fact that for a given solvent and temperature both ko and otD are related to the polymer 
chain conformation but not strongly to the polydispersity of polymer chain; namely, we 
can apply D = k^M""® obtained from a series of fractionated samples to a broadly 
distributed unfractionated sample. 
Figure 4.3.4 shows differential weight distribution fw(M) of unfractionated PEK-C 
sample and Figure 4.3.5 shows ^ M ) for two unfractionated PES-C samples. From 
each fwO^, we were able to calculate molar mass and polydispersity index 
0^1^)caicd, which are listed in Table 4.3.1 for PEK-C and in Table 4.3.2 for PES-C. 
The calculated values o f M ^ M i (〜2) are close to that predicted by polycondensation 
reaction kinetics. One way to check this calculated fw (M) is to measured Mw directly 
from static LLS. 
Figure 4.3.6 and 4.3.7 shows a typical Zimm plots for the unfractionated PEK-C 
and PES-C respectively in CHCl3 at 25�C，where the solution were clarified by a 0.1-
l^m filter. On the basis ofeq. (2.1.35), we obtained the values ofMw, <Rg>, and A2. 
The static LLS results are also summarized in Table 4.3.1 for PEK-C and in Table 
4 3 2 for PES-C. The measured Mw from static LLS are practically the same as the 
calculated Mw from f^ OVO obtained in dynamic LLS, which indirectly demonstrates that 
f^ (M) in Figures 4.3.4 and 4.3.5 are reasonable. 
Conclusions 
We have demonstrated that the method of combining the weight- average molar 
mass OVlw) from static laser light scattering 0-LS) and the area ratio (A,) under the 
translational difRision coefficient distribution G(P) from dynamic LLS is useful for the 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































using this method, we have accomplished the characterization of a recently developed 
high-performance thermoplastic resin: phenolphthalein poly(ether sulfone) OPES-C). 
Our LLS study shows that PES-C consists of -94% (by weight) of low-molar mass 
linear PES-C chains and - 6 % ofthe PES-C clusters. The weight-average molar mass 
OVlw) o f the linear PES-C chains is 〜100,000 which is expected for a polymer made 
from a polycondensation reaction; and the cluster's Mw is about 15-times higher than 
that of the linear PES-C chains. The existence ofthis high-molar mass clusters might 
partially explain the PES-Cs high glass transition temperature ( Tg = 260 ^C) and other 
mechanical properties. Our results also indicate that the PES-C chains have a random-
coil-like conformation in chloroform at room temperature, but on average the PES-C 
clusters might have a highly-branched structure with a compact conformation in the 
“ solution. I t is expected that the LLS method used in this study is also useful in the 
characterization of the association or aggregation in a given polymer or colloidal 
system. 
A combination of static and dynamic laser light-scattering studies of five fractions 
of PEK-C and five fractions of PES-C samples shows that both PEK-C and PES-C 
chain in CHCb at T = 25。C has a random coil conformation and CHCl3 is a fairly 
good solvent for both PEK-C and PES-C at room temperature. A calibrations between 
the translational diffusion coefficient ¢)), and molar mass (M) has been determined, 
namely, D = 2.20 x lO^NT® ' " for PEK-C and D =(2.45 x 10^)M^ " for PES-C. Using 
these calibrations we have determined not only weight average molar mass ofthe PEK-
C and PES-C samples, but also their molar mass distributions. The established 
calibrations between D and M together with the values of A2 wiU enable us to 
characterize PEK-C and PES-C with only one concentration in the future. 
The unfractionated PEK-C and PES-C samples can be characterized in CHCl3 at 
room temperature by a combination of static and dynamic laser light scattering (LLS). 
The calibrations established in this study can be used in the future characterization of 
PEK-C and PES-C as long as CHCl3 is used as a solvent and temperature is 25 °C. On 
the other hand, the relatively small angular and concentration-dependence of the 
translational diffusion coefficient measured in dynamic LLS enable us to characterize 
PEK-C and PES-C from only one dynamic LLS measurement at a finite concentration 
and small scattering angle. 
V 
Chapter 5 
Laser Light Scattering Study of Poly(suifoalkyl Methacrylate)s 
bitroduction 
A series ofsodium sulfoalkyl methacrylates with different side alkyl chain lengths 
have been synthesized."^ The following structure diagram shows that these polymers 
contain alkyl side chains with end-attached negatively charged sulfonate groups. 
CH3 
" f ( ! : _ C V " x = 2, 6, 8, 10 
^ I n 
C 
0 0 4 C H , P s 0 i T S [ a + L z」x ^ 
I t is expected that such a structure wil l lead to a significant surface activity, and they 
can be used as a biocompatible material. The length o f the side alkyl chain wi l l 
certainly influence their surface properties and appUcations."^ I t is in the interest o f 
both basic research and application to study these polymers in a fluid close to the 
conditions of the human body. 
The ion-containing polymers are receiving increasing attention year by year. 
Kessaissia et al grafted different alkyl chain lengths onto silica gel and reported that the 
contact angle for water increases with the carbon chain length.^ Andrade et al 
studied various charged copolymers of methacrylic acid, methyl methacrylate, and 
trimethylaminoethyl methacrylate, and the influence of surface charge and side-chain 
length.ii6 Chen et al}^^ found that the surface tension of aqueous salt solution o f 
polysulfoalkyl methacrylates monomers and homopolymers decrease as the alkyl side 
chain length increases; and their study of the surface characteristics o f coated 
hydroxyethyl methacrylate-sodium sulfoalkyl methacrylate copolymer films showed 
that the contact angle hysteresis increases with increasing the alkyl side chain length, 
while the receding angle decreases. X-ray photoelectron spectroscopy (XPS) analysis 
of the copolymer surfaces showed a striking enrichment of the sulfonate groups on the 
surface.ii3 
In comparison, the aqueous solution properties of poly(sulfoalkyl methacrylate)s, 
such as conformation and other molecular parameters, have not been systematically 
studied. In this work, laser light scattering has been used to study a series of 
poly(sodium sulfoalkyl methacrylate) homopolymers in 0.1 M NaCl aqueous solution. 
Research interests are in the conformational changes of PSSRMA molecules in the 
solution and the influence of the alkyl side chain length. 
Sample Preparation. 
Sodium sulfohexyl methacrylate (SSHMA), CH2=C(CH3)COO(CH2)6SO3Na; 
sodium sulfooctyl methacrylate (SSOMA), CH2=C(CH3)COO(CH2)8SO3Na; and 
sodium sulfodecyl methacrylate (SSDMA), CH2=C(CH3)COO(CH2)10SO3Na; with 
purity greater than 99% were prepared in the Polymer Division, Chemistry 
Department, Peking University, China.m spdium sulfoethyl methacrylate (SSEMA), 
v _ 
CH2=C(CH3)COO(CH2)2SO3Na; was prepared from sulfoethyl methacrylate 
(Polyscience, 95%) through neutralisation and purification.^ Polymerization was 
carried out at 70 °C under nitrogen with 0.1% potassium persulfate as an initiator. 
Hereafter, these poly(sulfoalkyl methacrylate)s will be referred as PSSRMA. Al l 
PSSRMA solutions were prepared by dissolving a proper amount ofpolymer in 0.1 M 
NaCl aqueous solution. For each PSSRMA sample, five concentrations ranging from 
5 X 10.5 to 1.0 X 10_3 g/mL were prepared by dilution. All PSSRMA solutions for laser 
light scattering (LLS) were clarified by a 0.1 or 0.22 or 0.5-^m Mill ipore filter 
depending on the polymer size. 
Results and discussion 
Figure 5.1 shows a plot of refractive index increment (An) versus C for four 
PSSRMA samples with different alkyl side chain lengths in 0.1 M NaCl aqueous 
solution at 25。C. The measured dn/dC values for four PSSRMA samples are listed in 
Table 5.1. The dn/dC value increases with the alkyl side chain length, which indicates 
that the PSSRMA chain density in O. lM NaCl aqueous solution increases with the 
alkyl side chain length since for a given polymer the refractive index increment 
increases with density?" In other words, the PSSRMA sample with a longer alkyl side 
chain has a more compact conformation in the solution. 
Figure 5.2 shows a typical Zimm plot of PSSHMA in 0.1 M NaCl aqueous 
solution at 25 °C, where a 0.22-^un filter was used and C ranges from 2.16 x 10"^  to 
1.08 X 10-3 g / j ^ On the basis ofeq. (2.1.35), we have the values of M^, <Rg>, and 
A2, respectively, from [KCVRw(e)]e—o’c—o，[KC/Rw(0)]c^ 0 vs q^ and [KC/Rw(e)]0^o vs C. 
The static LLS results of four PSSRMA samples are summarized in Table 5.1. The 
positive values of A2 indicate that 0.1 M NaCl aqueous solution is a good solvent for 
poly(sulfoalkyl methacrylate) at 25。C，but the decrease of A2indicates that the solvent 
quality becomes poorer with increasing the alkyl side chain length. A comparison of 
the values o fMw and <Rg> also shows that the PSSRMA sample with a longer alkyl 
side chain has a more compact conformation in the solution. 
Flory"8 has shown that there is a simple relationship between the persistence 


































































































































































































































































































































































































































































































































































































































































































































































































































































+ 1) " 2 , where C- is further related to the conformation (steric) factor a [= 
<Rg>/(2N^^)] by CL = 2a^, with N being the number ofbonds along the main backbone 
chain o f the polymer. From PSSRMA, the C-C bond length i is 0.153 nm, and N can 
be estimated from Mw, so that p values for each samples can be obtained, which are 
listed in Table 5.1. The decrease of p with the increasing alkyl side chain length 
indicates that PSSRMA with a longer alkyl side chain is more flexible in 0.1 M NaCl 
aqueous solution. Normally, a polymer with a larger side group wil l be less flexible 
due to the steric effect. This paradox can be explained after considering the 
polyelectrolyte nature ofPSSRMA i.e. the high fixed charge density causes the chain 
to expand in the solution. For PSSRMA with a short alkyl side chain, the electrostatic 
repulsion between two neighboring charged group wil l be stronger because they are 
closer, which extend the polymer chain and make it less flexible. The steric interaction 
and electrostatic repulsion have opposite effects on the chain flexibility. When the 
alkyl side chain is short, the electrostatic repulsion is dominating; this is why PSSEMA 
has the longest persistence length. The increase of side chain length increases the 
steric effect but, at the same time, decreases the electrostatic repulsion, which leads to 
a point ^>SSOMA) where the polymer chain reaches its highest flexibility (lowest p). 
Further increase ofthe side chain length will make the steric effect become dominating. 
Xhis is why PSSDMA has a longer persistence length than PSSOMA. Practically, it 
has been found that the surface mobility properties ofPSSOMA are best,"^ which may 
be due to its highest chain flexibility. 
Rgure 5.3 shows a typical plot ofthe measured intensity-intensity time correlation 
fimction o fPSSHMA in 0.1 M NaCl aqueous solution at 9 = 20。and T = 25。C. 























































































































































































































































































































































































































0^/qVo.q^o, (r /q%_o vs q2 and ( F / q V o vs C. Our results showed that f � 0 . 2 and 
kd 〜210 mL/g, which indicate that the corrections ofboth q and C are very small in 
this study. With pair values ofKa and f, G{T) can be converted into G(D). 
Figure 5.4 shows translational diffusion coefficient distributions G(D) of four 
PSSRMA samples in 0.1 M NaCl aqueous solution at 25 °C, from which we were able 
to calculate the average translational diffusion coefficient (<D>), defined 
as J"GKB)DdD, and the average hydrodynamic radius (<Rh>), defined as 
kBl/(67CTi<D>), where ks, T, and y\ are the Boltzmann constant, the absolute 
temperature, and solvent viscosity, respectively. The values of <D>, <Rh>, and 
<Rg>/<Rh> o f four PSSRMA samples are also listed in Table 5.1. The ratio of 
<Rg>/<Rh> is an important parameter depending on the polymer architecture, chain 
conformation, and polydispersity. I t is known that <Rg>/<Rh> is (3/5)^^,〜1.8，and 〜2 
for a uniform sphere, a polydisperse linear coil, and a rod-like linear chain, 
respectively.i2o-i22 The decrease of<Rg>/<Rh> from 2.16 to 1.59 further suggests that 
PSSEMA in 0.1 M N a C l solution is more stretched than PSSDMA, or in other words, 
PSSRMA with a long alkyl side chain has a more compact conformation in 0.1 M 
NaCl aqueous solution, which is also reflected by the values o f < D > in Table 5.1. 
Further by using the eq (2.4.5), G(P) can be converted to molar mass Distribution 
fw(M). 
For transforming G(D) to a differential weight distribution fwO^)，^ we have to 
establish a calibration between D and M, i e., D 二 让口厘―"。，where ko and ao are two 
scaling constants. The previous viscosity study'^^ showed that a ” 〜0.68 in the scaling 
relation of [ r J x M / % where [ 4 is the intrinsic viscosity. According to Flory's 
prediction,i25 ao and ot^  for a polymer coil are related by ao = (1 + o^)/3, which lead 
to otD〜0.56 for PSSRMA in 0.1 M NaCl aqueous solution at 25 °C. Using this value 
ofotD, we were able to calculate ko for each PSSRMA sample by combining eq. (2.4.5) 
with Mw = f p ^ ( M ) M dM / f X ( M ) dM and D = kj ,M-^^, i.e., where Mw and G(D) 
are respectively from static and dynamic LLS. The calculated values o fko are listed in 
Table 5.1. The increase o fko with the alkyl side chain lengthfurther indicates that for 
a comparable molar mass the PSSRMA sample with a longer alkyl side chain has a 
higher diffusivity, i.e., a smaller hydrodynamic volume or a more compact 
conformation. 
With the known values ofko and ao, we were able to convert G^D) into fw(M) on 
the basis o f eq. (2.4.5). Figure 5.5 shows differential weight distributions of four 
PSSRMA samples. From each fwO^, we were able to calculate the corresponding 
number- and weight-average molar masss and then the polydispersity index QAJMn), 
which is also listed in Table 5.1. 
Previously, the surface active properties of both the SSOMA monomer and the 
PSSOMA homopolymer in 0.1 M NaCl aqueous solution were studied by using 
surface tension method"^ The surface tension (a) decreases as the PSSOMA 
concentration (C) increases. The plot o f a vs C bends at C = 1.30 x 10"' g/mL, which 
was attributed to the micelle formation. 
Figure 5.6 shows the concentration dependence of the average characteristic line 
width (< r >) for four PSSRMA samples in 0.1 M NaCl aqueous solution at 25 °C. 
( < r > ) increases with C, which shows that no micelle was formed in this 
concentration range; otherwise, we would have observed a decrease of (< T >). Our 
results demonstrate that the decrease ofthe surface tension cannot be attributed to the 
















































































































































































































































































































































































































































related to the hydrophobic interaction. At higher PSSRMA concentrations, the 
hydrophobic portion of the PSSRMA has tendency to come together toward the center 
o f the polymer coil, and at the same time, the hydrophilic groups o f SCV are remained 
at the coil surface toward the surrounding water, which leads to a decrease in the 
hydrodynamic volume and surface tension. PSSDMA cannot completely dissolve when 
C is higher than 5 x 10"^  g/mL. A simple calculation shows that the overlap 
concentration (C') [-M/NA(2Rg)^] o fPSSRMA is 〜lO—〗 g/mL, which corresponds to 
the uptum o f ( < r > ) vs C. This means that at C 〜10'3 g/mL, the PSSRMA chains do 
start to overlap with each other. 
Figure 5.7 shows the temperature dependence of the average characteristic line 
width ( < r > ) at two different concentrations for PSSOMA sample in 0.1 M NaCl 
aqueous solution. (< T > ) increases linearly with the temperature, which shows that at 
high temperature the hydrophilic interaction decreases and PSSOMA chain has a more 
compact conformation in 0.1 M NaCl aqueous solution. A moderate temperature 
dependence of the chain conformation around 〜37 °C is important for using PSSRMA 
as a biocompatible material. 
Conclusion v,. 
Our LLS study ofpoly(sulfoalkyl methacrylate)s with different alkyl side chain lengths 
shows that PSSRMA with a long alkyl side chain has a more compact chain 
conformation in 0.1 M NaCl aqueous solution. Our results show that the opposite 
effect o f the steric interaction between the alkyl side groups and electrostatic repulsion 
between the SOs" groups leads to the shortest persistence length for PSSOMA, which 
may be the reason for its best surface properties. The overlap concentration o f 














































































































































































translational diffusion coefficient D and molar mass (M), i.e., D = k p M " " ° , together 
with the values of A2, kd, and f obtained in this study will be useful in the future to 




Laser Light-Scattering Studies of Soluble High Performance Polyimides: 
Introduction 
Polyimides, in particular those derived from fuUy aromatic monomers, represent a 
very important class o fh igh performance synthetic polymers because of their excellent 
mechanical, optical and chemical properties.^ I t is well known that a M y 
thermoimidized polyimide is normally insoluble in common organic solvents. On the 
one hand, this insolubility leads to the chemical resistance; on the other hand, this 
insolubility becomes a major obstacle in studying the solution properties, such as the 
chain flexibility and conformation. In the past, the solution properties and molecular 
parameters o f these insoluble polyimides have to be estimated from their precursor, 
e.g.，poly(amic) acid formed by the first-stage reaction o f an aromatic diamine with an 
anhydride. This approach has some intrinsic and serious problems including 
polyelectrolytes effect and the chain rigidity difference between a poly(amic acid) and 
its corresponding polyimide chain.^^ '^^ ^^ Moreover, information obtained from the 
study ofthose soluble poly(amic acids) can be strongly influenced by both the nature o f 
• 130 
imidization and the reversible reaction. 
v_ 
In order to tailor a polyimide to satisfy various specific requirements in industries, a 
careful examination and control o f its chain conformation is o f great importance. 
Practically, a correlation between the chain flexibility and bulk properties is still 
missing. Recently, two soluble high performance polyimides, poly[l,4'-bis(3,4-
carboxyphenoxy)benzene dianhydride/2,2'-dimethyl-4,4'-methylene dianiline], termed 
as Poly (BCPOBDA/DMMDA), with a structure o f 
CH ^ _^^  CH3 
+ : 難 。 普 。 攻 : > ^ ^ ^ 减 
and poly[3,3',4,4'-oxydiphthalic anhydride/2,2'-Dimethyl-4,4'-methylene dianiline], 
termed as Po ly(pDPA/DMMDA), with a similar siructure o f 
卞 0 ^ 。 攻 : ; 善 ^ 2 德 ’ 
have been synthesized and developed at the Changchun Institute ofAppl ied Chemistry, 
Academy o f Science, China I t is worth noting that Poly(BCPOBDAyODMMDA) has 
two flexible ether linkages in its repeating unit, while Poly(ODPA /DMMDA) has only 
one. Both o f them are soluble in organic solvents such as chloroform (CHCl3), , ‘ 
dicWoromethane (CH2Cl2), and dimethyl acetamide (DMAc). This enhanced solubility 
provides us an opportunity to directly study their solution properties. The Mark-
:f 
Houwink equation o f Poly(BCPOBDA>DMMDA) in CHCl3 at 25 °C, namely [ v ] = 
1.27 X 10-iM® 6o，has been previously established/^^ This is the first report o f our 
studies o f a series o f soluble high performance polyimides. We wi l l focus on the 
solution properties ofPoly (BCPOBDA/DMMDA) and Poly(ODPA/DMMDA). 
Sample synthesis 
Poly(BCPOBDA /DMMDA) was synthesized by polycondensation. An equal 
molar o f l,4-bis(3,4-dicarboxyphenoxyl)benzene dianhydride (BCPOBDA) and 2,2'-
dimethyl-4,4-methylene dianiline (DMMDA) were added in D M A c with a solid 
content o f 15 weight-%. A viscous solution was formed after additional 2.5 times o f 
equal molar ofacetic anhydride was added. The solution was stirred for 1 hr and then 
0.2 times ofequal molar triethylamine as catalyst was added to start the imidization. At 
the end o f the reaction, the solution was poured into ethanol to recover 
Poly(BCPOBDA/DMMDA) from precipitation. After a successive washing o f the 
precipitate with ethanol under heating, the final product was dried at 60 °C in vacuum 
until it reaches a constant weight. Five fractions labelled as BD-1, BD-2, BD-3, BD-4 
and BD-5 thereafter were used. Poly(ODPA/DMMDA) were also synthesized by this 
method except that 3,3',4,4'-oxydiphthalic anhydride (ODPA) intead o f BCPOBDA 
was used. Four P o l y ( O D P M ) M M D A ) fractions were labelled as 0D-1 , OD-2, OD-3, 
and OD-4 thereafter. Analytical grade chloroform was used as solvent without further 
purification. For each fraction, five solutions were prepared by dilution. The 
concentration was in the range of -4 .0 x 10"^  to -5.0 x 10'^  g/mL. Al l polyimide 
solutions were clarified at room temperature using a 0.22 or 0.1-^im Whatman filter 
depending on the polymer size. 
6.1. Solution Properties 
Figure 6.1.1 shows the concentration-dependence of the refractive index 
increment (An) o f Poly(BCPOBDA/DMMDA) (0) and P o l y ( O D P M ) M M D A ) ( • ) in 
CHCl3 at 25 °C. The lines represent the least-square fittings. The slopes o f the lines 
lead to the specific refractive index increments (dn/dC). For Poly(BCPOBDA 
ADMMDA) and Poly(ODPAADMMDA) in CHCl3 at 25 X, dn/dC 二（0.189 土 0.002) 
and (0.171 土 0.002) mL/g, respectively. It should be stated that in this study the 
values o f An were measured using a novel and high precision differential 
refractometer.86 The fact that Poly(BCPOBDA/DMMDA) has a higher dnAiC may 
indicate that its chain has a higher density^^^ or in other words, a more compact chain 
conformation. We wil l come to this point later. 
Figure 6.1.2 shows a typical Zimm plot for Poly(BCPOBDA/DMMDA) in CHCl3 





































































































































































































































































































































































































































































































































(2.1.35), we were able to determine Mw, <Rg>, and A2 from the extrapolations o f 
[KCAlw(q)]q^o,c^o, [ K C / R w ( q ) ] c ^ o versus q^ and [ K C / R w ( q ) ] q ^ o versus C, 
respectively, which are listed in Table 6.1.1. According to the worm-like chain 
m o d e l / " <R2g> = i^{ l/3(L/i) - 1 + (2.^/L) - (2^^/L^)[l - exp(-L/^)]}, where £ is the 
persistence length and L (= n^u) is the contour length, 4 and n (= MwMo) are the 
projected length of the monomer unit and the average number of the monomers unit on 
each chain, respectively. For Poly(BCPOBDA/DMMDA), fU 〜2.5 nm and Mo = 592 
g/mol; and for Poly(ODPAA)MMDA), £u 〜2.0 nm and M。= 500 g/mol. Strictly 
speaking, n = (MzMw)(Mw/Mo) because <Rg> from static LLS is a z-averaged 
parameter. Using this model，we first calculated £ and then the Flory characteristic 
ratio (Cao 二（2€"。)-1)，where £0 is the average bond length.^^^ The estimated values of 
£ and Cao o f the polyimide fractions are summarized in Table 6.1.1, indicating that 
Poly(BCPOBDAyDMMDA) and Poly(ODPAyl3MMDA) have a more extended chain 
conformation than typical flexible polymers, such as polystyrene whose £ is 〜1 nm. In 
comparison, the Poly(ODPAyDMMDA) chain is even more extended. This extended 
chain conformation is expected because of the rigid aromatic groups in their 
backbones. 
Figure 6.1.3 shows a double logarithmic plot o f <Rg>z vs Mw for the two 
polyimides in CHCl3 at 25 T . The solid lines represent the least-square fittings of 
<Rg>z (nm) 二 4.95 x W ' M ^ ' ' ' and <Rg>z (nm) = 1.25 x W ' M j ' ' for 
Poly(BCPOBDA/DMMDA) and Poly(ODPA/DMMDA) respectively. The exponent 
values indicate that the Poly(BCPOBDA/DMMDA) chain have a random-coil 
conformation in CHCl3 at 25 °C. This coil conformation can be attributed to the 
flexible ether linkages in its monomer unit. The higher exponent value further indicates 
that Poly(ODP A /DMMDA) has more extended chain conformation than 
Table 6.1.1. Summary of Static Laser Light Scattering Results of two polyimides, 
Poly(BCPOBDA/DMMDA) and Poly(ODPA/DMMDA) in CHCl3. 
M w < R g > A 2 , C o o 
Fractions (g/mol) (nm) (mol.cmVg^) (nm) 
BD-1 3 .45x10 ' 39 9 . 2 x l 0 - ' 1.5 20 
BD-2 2 .15x10 ' 30 1 .2x l0 " ' 1.5 20 
BD-3 1.24x10' 25 1 .6x l0 " ' 1.7 22 
BD-4 9.04x 10' 20 2.3 x 10"' 1.6 21 
BD-5 5.07x 10' 14 2.8 x lO"' 1.4 19 
OD-1 3 .00x10 ' 13 9.0x10-4 2.4 32 
OD-2 2.50x 10' 11 1.0x10-3 2.2 30 
OD-3 1.80x10 ' <10 1.2x10-3 2.4 32 
OD-4 1.15x10 ' <10 1.4x10-3 2.5 33 
、 
































































































































































































































































































Poly(BCPOBDA>0)MMDA) because Poly(ODPAyDMMDA) has only one ether 
linkage in its repeat unit, but Poly(BCPOBDAyODMMDA) has two. It should be stated 
that for the two low molar mass Poly(ODPAADMMDA) samples, <Rg> is too small to 
be directly measured in static LLS, so that their values were estimated from the 
hydrodynamic radius <Rh> and the ratio o f <Rg>/<Rh>. Therefore, the exponent 
(-0.66) should be read only as a reference. For comparison, we also plot the 
previously determined Mw-dependence of <Rg> for polystyrene in toluene. It clearly 
shows that for the same molar mass the two polyimides have more extended chain 
conformation. 
Figure 6.1.4 shows a double logarithmic plot of A2 vs Mw for the two polyimides 
in CHCl3 at 25 °C. The lines represent the least-square fittings of A2 (mL.mol/g^)= 
5.42 X 10]Mw-o49 and <A2> (mL.mol/g') 二 1.10 x lC^Mw' ' ' ' for Poly(BCPOBDA 
/ D M M D A ) and Poly(ODPAyDMMDA) respectively. The exponent values are higher 
(-0.25) than that predicted for typical random-coil polymer chains, which may reflect 
that these two polyimides have a more extended chain conformation in CHCl3 at room 
temperature. It shows that Poly(ODPA/DMMDA) in CHCI3 has a much smaller A2, or 
in other words, Poly(ODPAyDMMDA) is less soluble in CHCl3, which may be related 
to the fact that the Poly(ODPA>DMMDA) chain is more extended. 
6.2. Mo la r Mass Distributions 
As for the characterization of the molar mass distributions of soluble polyimides, 
size exclusion chromatography (SEC or known as GPC) is often used.^ ^^ However, 
calibrating a SEC column is rather difficult. Moreover, each established calibration can 























































































































































scattering detector with SEC has, in principle, solved this calibration problem. In this 
section, we wil l demonstrate an alternative laser light scattering method for the 
characterization of soluble polyimides. 
Figure 6.2.1 shows a typical plot of the measured intensity-intensity time 
correlation function for Poly(BCPOBDA>ODMMDA) in CHCl3 at 0 二 20。and T = 25 
°C. The insert shows a typical G ( r ) calculated from G^^^(t,q) using the Laplace 
inversion program (CONTDsT). On the basis ofeq. (2.2.20), we were able to determine 
the average values of <D>, <f> and <ko> from the q- and C-dependence o f the 
M 
average line width < T > [= J^  G(T)T dF]. The results are summarized in Table 6.2.1. 
The values o f <f> (-0.1) agree well with those predicted for a random-coil polymer 
chain in good solvent.^^^ The small values of <ko> (〜20 mL/g) are expected because 
ko = 2A2MMr - CDNARh^M^v, and for A2 > 0，the thermodynamic term (2A2Mw) is 
partially cancelled by the hydrodynamic term (CoNARh^Mw), where Co is a positive 
constant.i37 For these two polyimides in CHCl3 at 25 °C, f « Dq^ because (1 + kdC)(l 
+ f<Rg2>zq2)〜1，which can be used to convert G ( r ) to G(D). 
Figures 6.2.2 and 6.2.3 respectively show translational diffusion coefficient 
distributions G(D) o f f ive Poly(BCPOBDA/DMMDA) fractions and four Poly(ODPA 
/ D M M D A ) fractions. From each G(D), we can calculate a hydrodynamic radius 
distribution, f(Rh), and the average hydrodynamic radius, <Rh> [= f f ( R J R h d R j ， 
by using the Stokes-Einstein equation, D = kBT/(67cTiRh), where ke, T, and r\, are the 
Boltzmann constant, the absolute temperature, and solvent viscosity, respectively. The 
values o f < D > and <Rg>/<Rh> are listed in Table 6.2.1, where the values o f <Rg> have 
been reported in Table 6.1.1. It is known that the ratio of the radius of gyration to the 







































































































































































































































































Table 6.2.1. Summary ofDynamic LLS Results and molar mass distributions of 
Poly(BCPOBDA/DMMDA) and Poly(ODPA/DMMDA) in CHCl3. 
• 
• 
lOiVlw < k o > < f> 10-7<D> <Rg>/<Rh> 10'(Mw)caicd N V M „ 
j 
I Fractions (gy'mol) (mL/g) (cm /s) (g/mol) 
BD-1 34.5 20 0.1 1.93 1.8 32.8 1.2 
BD-2 21.5 20 0.1 2.57 1.9 19.5 1.85 
；« I 
BD-3 1.24 18 0.1 3.19 2.0 14.5 1.9 
I BD-4 9.05 16 0.1 4.39 2.0 8.20 1.9 
, BD-5 5.07 17 0.1 5.82 2.0 5.17 1.7 
4 
^ ! 
I :， . 
.» ^ 
! 0D-1 3.00 20 0.1 7.32 2.1 2.87 1.6 
:1 
OD-2 2.50 20 0.1 8.15 2.0 2.55 1.5 
I ‘ 
OD-3 1.80 18 0.1 9.15 - 1.86 1.3 
OD-4 1.15 18 0.1 13.3 - 1.13 1.3 
• ^ 、. 
Note: The relative errors of the listed parameters: Mw, 士 5%; <Rg>, 土 10%;八2，土 20%; and 
< D > , 土 1¼. 





























































































































































































































































































































































































































































































































































































close to the value (-1.84 ) predicted for random-coil polymer chains with a 
polydispersity index of M ^ M n 〜2 in good soIvent/^^ indicating that these two 
polyimides have a coil chain conformation. It is worth noting that for 
Poly(BCPOBDA/DMMDA) in CHCl3 <Rg>/<Rh> slightly increases as M^ decreases. 
This is understandable because a polymer chain becomes more rigid when it is short. 
In comparison, the slightly higher values of <Rg>/<Rh> of Poly(ODPA/DMMDA) 
suggests that it has a more extended chain conformation than Poly(BCPOBDA 
/DMMDA) , supporting what we found in section 6.1. 
Figure 6.2.4 shows a double logarithmic plot of log(<D>) versus log(Mw). The 
solid lines represent the least-square fittings of <D> = <ko>M^"^"'^^ with <ko> = 2.28 
X 10'4 and < o t D > = 0.554 for Poly(BCPOBDA/DMMDA); and <ko> = 3.86 x 10"^and 
••i ‘ 
<otD> 二 0.620 for Poly(ODPA7DMMDA), where < > means that the values of <ko> 
and <otD> were obtained from <D> and Mw rather than from D and M for 
monodisperse species. For Poly(BCPOBDA/DMMDA), the value of <ao> = 0.554 
fUrther indicates that it has a random-coil chain conformation, while for 
Poly(ODPA>DMMDA) the slightly higher value of <ao> = 0.620 implies that its chain 
is more extended in CHCl3 at T = 25 °C. For comparison, we have also plotted the 
Mw-dependence o f < D > for polystyrene in toluene (the dash line). It shows that for the 
same molar mass, polystyrene has a smaller hydrodynamic radius than the two 
polyimides, indicating a relatively more extended chain conformation of the two 
polyimides. Theoretically, with these calibrations, G(D) can be transformed into a 
molar mass distribution, using equation (2.4.5). With a pair of ko and ao, we can 
convert D to M and G(D) to fw(M). One of the ways to verify such a molar mass 




























































































































































































































































































































it with Mw directly measured from static LLS. Our previous studies showed that using 
<kD> and <ao> instead of ko and ao could introduce a large error in the calculated 
molar mass distribution.^^^'^^^ In this study, we also found that using <ko> and <ao> 
instead o f ko and ao (Mw)caicd is 〜20 - 30 % lower than Mw Therefore, we have to 
adopt another way to find ko and ao, namely a combination of static and dynamic LLS 
results (i.e., Mw and G(D)) obtained from two or more polyimide fractions. 
For A^-number samples, we have A^-number measured M^ and G(D), denoted as 
Mw,i and Gj^)) , where i = 1 to N. By assuming a pair of ko and ao and using eq 2.4.5， 
we can obtain A^-number (Mw,i)caicdS. For a given polymer sample, (Mw,i)caicd should 
equal Mw,i, i f both ko and ao are correctly chosen. Practically, by iterating ko and ao, 
we can find a pair o f correct ko and ao to make (Mw,i)caicd = Mw,i and minimize the right 
side o f eq (2.4.8). In this way, we have avoided the polydisperse problem and used M^ 
as a constrain in the calculation. 
Figure 6.2.5 shows a typical plot of the ERROR versus ko at different values of ao 
for Poly(BCPOBDAyDMMDA). An overall minimum clearly defines a pair o f ko and 
otD which leads to a calibration between D and M for monodisperse species. Using this 
method, we found that ko = 3.53 x 10.4 and ao = 0.579 for Poly(BCPOBDA 
\ 
/ D M M D A ) ; and ko = 4.30 x 10'^  and ao = 0.613 for Poly(ODPA /DMMDA) . It is 
worth noting that the scaling constant a[”】 in Mark-Houwink-Sakurada equation is 
〜0.6 - 0.7. Therefore, 3ao - 1 » oq”】 just as predicted by Flory for a random-coil chain 
in good solvent, indicating that both of the polyimides has a coil chain conformation 
and the Poly(ODPAyDMMDA) chain is more extended because its ao is slightly higher 
than that predicted for a random-coil chain in good solution. Using these two 



























































































































































































and the Poly(ODPA>DMMDA) chain is more extended because its ao is slightly higher 
than that predicted for a random-coil chain in good solution. Using these two 
calibrations, we converted each G(D) into a corresponding fw(M). 
Figures 6.2.6 and 6.2.7 respectively show differential weight distributions o f molar 
mass, fw(M), o f different fractions of Poly(BCPOBDA/DMMDA) and Poly(ODPA 
yDMMDA). From each fw(M), we can calculate its weight-average molar mass 
(Mw)caicd and polydispersity index MwMn which are also listed in Table 6.2.1. (Mw)caicd 
agree reasonably with Mw directly from static LLS. The values of Mw/Mn (< 2) are 
within the range predicted for polymers made by polycondensation. However, the 
values o f M w M n also indicate that the fractionation ofPoly(BCPOBDA yDMMDA) is 
less effective than that o f Poly(ODPA/DMMDA)，which may due to the fact that 
Poly(BCPOBDA>DMMDA) is more soluble in CHCb than Poly(ODPA>^ D M M D A ) . 
Conclusion 
The laser light scattering studies of two soluble polyimides, Poly(BCPOBDA 
yDMMDA) and Poly(ODPAyDMMDA), have shown that both of them have an slightly 
extended coil conformation in CHCl3 at 25 °C. The positive A2 values confirm that 
both Poly(BCPOBDA/DMMDA) and Poly(ODPAA3MMDA) are truly soluble in 
CHCl3 at room temperature. Poly(ODPA/DMMDA) has a more extended chain 
conformation because it has only one ether linkage in its repeating unit, while 
Poly(BCPOBDAyDMMDA) has two. The flexibility of these kind of polyimides can be 
adjusted by introducing different numbers of the ether linkage. 
A combination o f static and dynamic laser light scattering results, i.e., M ^ and G(D), 
leads to D(cmVs) = (3.27 x 10-')Nr' " ' and D(cmVs) = (3.80 x 10-')M-'-' ' ' respectively 



















































































































































































































































































































































































































Using these calibrations, we have successfully characterized the molar mass 
distributions of these two polyimides from their corresponding GOD)s. The exponent 
values o f the two calibrations shows that both of the polyimide chains are slightly 
extended in CHCl3 at room temperature. In future, using these two instrument-
independent calibrations together with our previously determined second virial 
coefficients, we can quickly determine the molar mass distributions o f these soluble 











Laser Light-Scattering and Size-Exclusion Chromatographic Characterization of 
Hydroxyethyl cellulose Acetate 
Introduction 
Cellulose constitutes a ubiquitous and renewable natural resource that has served 
man's needs for thousands of years. Since the discovery of guncotton by Schonbein in 
1845, it has been clear that various cellulose derivatives are also of great industrial 
importance. Nowadays, the applications of various esters and ethers are getting into 
many areas which are far away from those traditionaUy associated with cellulose itself. 
They are widely used in plastics, fibers, microporous membranes, food additives, anti-
rs"' 
redepisition agents, and oil-well drilling appl icat ions/^i^ Cellulose and its most 
derivatives can form liquid crystals in appropriate solvents/^^ Thermotropic cellulose 
derivatives have been prepared by introducing some appropriate flexible substituents. 
The spinning o f these mesophases is of particular interest as it gives ready access to 
fibers with much improved strength, modules, and lower moisture sensitivity.^^ In this 
aspect, the thermotropic behaviors ofhydroxyethyl cellulose acetate have been studied 
in detail.i47 jjowever, there is only a limited correlation between its thermotropic 
148 
behaviors and its molar mass and molar mass distribution. 
Similar to other polymer material, the performance of the cellulose and its 
derivatives greatly depends on their molar mass and molar mass distribution. A 
conventional size exclusion chromatography (SEC) is a convenient and estabUshed 
method. Jn general case, the molar mass is calibrated with the standard polystyrene 
with the narrow distributed molar mass. However, ceUulose and its derivatives are 
rigid or semi-rigid polymers, they have different conformation with polystyrene, and a 
big error is normally introduced when SEC is calibrated with polystyrene standards for 
the characterization o f cellulose and its derivatives. There is a constant search for a 
proper method to calibrate SEC so that it can be routinely used for the characterization 
o f the true molar mass and molar mass distribution o f cellulose and its derivatives. 
Our objective in this study is to show that a newly developed method of 
combining off-line static and dynamic light scattering (SLS and DLS) and SEC can be 
used to investigate hydroxyethyl cellulose acetate in tetrahydrofuran (THF) at room 
temperature. 
Recently, a combination o f off-line laser light scattering (LLS) and size exclusion 
chromatography (SEC) has been successfully utilized to characterize the molar mass 
distribution o f gelatin.i^ For the convenience of discussion, we outline the basic 
principles of th is novel analytical method in the following: 
Basic Principles: 
In SEC and LLS, an elution volume distribution C(V) and a translational difRision 
coefficient distribution G(D) can be respectively measured. We can convert C(V) or 
Q(P) into the molar mass distribution ifhaving the calibrations o f 
V = A + B.logCM) (7.1) 
or 
D = k o M"®° i.e., logOO) = log(kD) - ao log(M) (7.2) 
where A, B, ko and 0¾ are the calibration constants. I t should be noted that in eqs. 
(7.1) and (7.2) we have assumed that both V and logOD) are linear functions oflogOV^, 
i.e., the first-order approximation, because this wi l l simplify, but not affect，our 
fol lowing discussions. However, i f the sample has a special molar mass distribution or 
V and logOD) cannot be linearly scaled by logO^ , eqs. (7.1) and (7.2) has to be 
properly modified. In that case, additional information about the molar mass 
distribution and the dependence o f V and log(D) on log(M) is required. The main task 
o f the calibration is to find A and B in SEC or ko and ao in LLS. A combination o f 
eqs. (7.1) and (7.2) leads to 
V = A + B -logOD) (7.3) 
where A = A + B .log(kD) / ao and B = -B/ao . Further, by taking square o f the both 
sides o f eq. (7.3), we obtain 
i 
i 
V2 = A ' + 2 A B .logO)) + B ' • log^(P). (7.4) 
After integrating the both sides of eqs. (7.3) and (7.4)，we have 
<V> = A + B .<logOD)> (7.5) 
and 
<y2> = A^ + 2 A B '<log(p)> + B .<log2 ¢))> (7.6) 
where 
J :VC(V)dV 
< V > = o (7.7) 
Jo C ( V ) d V 
f V c ( V ) d V 
< V 2 > = 0 (7.8) 
Jo C ( V ) d V 
J log(D)C(V) dV 




< log2 (D) > = ^ ^ " “ ^ - — — . (7.10) 
Jo C (V )dV 
On the one hand, since C(V) is a weight (or concentration) distribution o f the 
elution volume, we have^^ ® 
f c ( V ) d V o c f F w ( M ) d M o c f F ^ ( M ) M d(log(M)) (7.11) 
where Fw(M) is a differential weight distribution. According to eq.(7.1), dV is 
proportional to d(logQVl)). Then, it follows eq. (7.11) that in the space oflogOVQ, 
C(V) oc Fw OVQM. (7.12) 
On the other hand, since G(D) is an intensity distribution of the translational diffusion 
coefficient, we have”* 
J :G (D)dDocJ :Fw(M)MdM (7.13) 
or 
f G ( D ) D d ( l o g ( D ) o c f F w ( M ) M 2 d(log(M)). (7.14) 
According to eq. (7.2), d(logOD)) oc d(logOVQ). Thus, 
GCD)D oc F^OVl)M^. (7.15) 
Using eqs. (7.2)，(7.12) and (7.15), we rewrite eqs. (7.9) and (7.10) as 
t l o g ( D ) G ( D ) D " a ° d D 、 
< l o g ( D ) > = 。 f f (7.16) 
[ G ( D ) D ' ' " - dD 
t l og2(D)G(D)D"aDdD 
< log2 (D) > = - ^ - ^ . (7.17) 
t G ( D ) D ! A dD 
We are able to calculate A and B in eqs. (7.5) and (7.6) i f having <V>, <V^>, 
<log(D)> and <log^^))>. Furthermore, a combination o f eqs. (7.2), (7.3), (7.11), 
(7.13) and the definition o f the weight average molar mass, 
: i ; ^ E ^ (7.18) 
t F w ( M ) d M 
leads to 
^ M C ( V ) d V kDi〜 f lO(A-v)/(a.B)C(V)dV 
^ - - " ^ ^ ^ = ~ " f ^ " ^ (7.19) 
J : G ( D ) d D k ^ t G ( D ) d D 
M =""^^ = •? . ( / .20) 
Mw,DLs G(D) / M dD J: G(D)D""D ^D 
For a given sample, Mw,sEc should be equal to MwjDLs. Therefore, on the basis o f 
eqs.(7.19) and (7.20)，we have 
f-10(A-v)/(aoB)c(v)dV _ t G ( D ) d D (7 21) 
J : C ( V ) d V 一 t G(D)D"«。dD • 
There is only one unknown parameter otD in eq. (7.21). For a chosen otD, we can first 
calculate〈logp)> and < log^p)> on the basis ofeqs. (7.9) and (7.10)and then solve 
A and B by using eqs. (7.5) and (7.6); and finally calculate and compare the left and 
right sides o feq . (7.21). An iteration o f a o wil l enable us to find a proper value to 
minimize the difference between the left and right sides ofeq. (7.21). Wi th this ao, we 
can calculate k^ from either eq. (7.19) or (7.20) by using the measured Mw in static 
LLS and C(V) in SEC or G(P) in DLS. FinaUy, the constants A and B in eq. (7.1) can 
be calculated from A, B, ko and otD. In this way, we are able to calibrate not only V 
wi th M in SEC but also D with M in DLS in one single process with only one polymer 
sample. 
Sample preparation: 
Hydroxyethyl Cellulose Acetate ^ f f i C A ) was prepared through the esterification 
o f a commercial hydroxyethyl cellulose with acetic anhydride, where the degree o f 
ether substitution o f hydroxyethyl cellulose was 1.5-1.8, and the degree o f 
esterification o f HECA is 2.8. Three HECA samples with different molar masses 
denoted hereafter as HECA-1, HECA-2 and HECA-3 were obtained by using a 
conventional fractionation /precipitation method, wherein acetone and petroleum ether 
were respectively used as solvent and precipitant. Since THF was used as an eluting 
volume in the previous SEC study, therefore we also used THF as a solvent for LLS 
study. The HECA samples were synthesized in the Guangzhou Institute o f Chemistry, 
P. R. China.i49 
Result and Discussion 
Figure 7.1 shows a plot o f the refractive index increment (An) versus concentration 
(C) for HECA in THF at T = 25 °C a n d 、 = 488 nm, where An was measured by using 
































































































































































































































The relative error associated with the specific refractive index increment (dn/dC) of 
7.34 X 10.2 cmVg calculated from Figure 7.1 is less than 土 1¼. The accuracy o f dn/dC 
is vital for the precise characterization of the weight-average molar mass in static LLS. 
By measuring Rw (6) at different C and 9, we are able to determine the weight-
average molar mass (Mw), the z-average radius of gyration (<Rg> or simply as Rg) and 
the second virial coefficient (A2) from the Zimm plot which incorporates 0 and C 
extrapolations on a single grid. The static LLS results are summerized in Table 7.1. 
The positive A2 values show that tetrahydrofuran at T = 25 °C is a good solvent for 
HECA. The radii ofgyration o f20 - 28 nm for polymers with Mw of 45,000 - 66,000 
g/mol confirm that polymer chain o fHECA in THF forms extended random coil. 
Figure 7.2 shows typical measured SEC elution curves of HECA-1, HECA-2, and 
HECA-3, respectively, where C(V) is the normalized differential weight distribution of 
• 
； • 
elution volume. Al l SEC experimental conditions have already been stated in chapter 3, 
: 
section 3.3. I t can be seen that all HECA are moderately distributed. The values of the 
average elution volume (<V>) are listed in Table 7.1. A comparison o f < V > with the 
corresponding Mw in Table 7.1 indicates that the SEC columns used in this study were 
fairly effective for the separation o fHECA in terms of molar mass. 
Figure 7.3 shows typical translational diffusion coefficient distributions, G ^ ) ) of 
HECA-1, HECA-2 and HECA-3 at 0 — 0 and C - > 0，respectively, which were 
calculated from a Laplace inversion of the time correlation functions measured in 
dynamic light scattering ff)LS). The C O N H N program equipped with the ALV-5000 
time correlator was used in the calculation. The average values o f the translational 
diffiision coefficient (<D>) are also Usted in Table 7.1. <D> can be further related to 














































































































































































































































































































































































































































































































































































































kBT/(6,7ir|<D>) with ke, T and r| being the Boltzmann constant, the absolute 
temperature (K) and solvent viscosity, respectively. The ratio o f Rg/Rh can be used to 
indicate the polymer chain conformation. For a flexible coil in good solvent, Rg/Rh � 
1.5 and for a rod-like polymer chain, R^/Rh > 2. The Rg/Rh values in Table 7.1 show 
that the polymer chain o f HECA in THF at room temperature behaves like a slightly 
extended random coil. The distributions in Figure 7.3, especially <D>, are quite stable 
even there are some uncertainties existed at the lower and higher ends o f the 
distributions. I t should be stated that it is the advantage of using this LLS + SEC 
method wherein the average values instead of the individual fraction in C(V) and G(D) 
are used. With each pair of C(V) and G(D) obtained from a given HECA sample, we 
are able to calculate the calibration constants of A and B in eq. (7.1) and ko and ao in 
eq. (7.2) by adopting the analytical procedure described in the previous basic principles 
section. The calculated values of A, B, ko and ao are summerized in Table 7.2. In 
comparison with the ao value (〜0.57) listed in the literature for a similar cellulose 
system (cellulose diacetate in T H F ) / " the obtained values of the present cellulose 
system are slightly higher. This higher ao value further indicates that HECA in THF at 
25 °C behaves like a slightly extended coil. With these calibration constants, we are 
ready to convert both o fC (V ) and GOD) into molar mass distributions. 
Figures 7.4 and 7.5 respectively show the differential weight distributions, fw(M), 
calculated from the elution volume distributions, C(V) in Figure 7.2 and the 
translational diffusion coefficient distributions, G(D), in Figure 7.3 for HECA-1, 
HECA-2，and HECA-3. According to the definitions of the weight-average molar 




































































































































































































































































































































































































































































f ; M F „ ( M ) d M j ; M F J M ) / M d M 
M = = ^ ， (7.22； 
F„ ( M ) dM V F ^ ( M ) / M d M 
we can calculate the values o f M ^ and Mn for each HECA from Fw(M) in Figures 7.4 
and 7.5. Al l results are also summarized in Table 7.2. The ratios of M ^ M n in Table 
7.2 show that all HECA samples used in this study are moderately distributed. Both 
the values of Mw and M ^ M ^ obtained from C(V) in SEC are in agreement with that 
from G(D) in dynamic LLS, except an unexpected difference in the distribution width 
ofHECA-1. This difference might attribute the flow rate difference. It should be noted 
that in comparison with the results reported in the previous SEC study, both the Mw 
and MwMn values obtained in SEC where polystyrene standards were used in the SEC 
calibration could contain an error as high as 100%. This clearly shows that the 
polystyrene calibration of SEC for the characterization of cellulose and its derivatives 
should be avoided i fwe are serious about the absolute values ofMw and MwMn. 
Figure 7.6 shows a direct comparison of two cumulative weight distributions 
I w ( M ) = j ^ F w ( M ) d M calculated respectively from C(V) by using eq. (7.1) and from 
G(D) by using eq. (7.2) for the same HECA-2 sample. Figure 7.6 clearly demonstrates 
that the cumulative weight distributions obtained from SEC and DLS are basically 
identical except a small difference in the lower molar mass tail. This difference is 
understandable because the scattered light intensity is proportional to F^(M)M, where 
Fw(M) is differential number distribution, and small molecules in the distribution cannot 
be "seen" by the light scattering detector. On the other hand, a small baseline 
uncertainty normally effects the lower molar mass end in the elution volume 




























































































































































































































































































































































































































































































































































difference in the widths of the molar mass distributions obtained from C(V) in SEC and 
G(D) in dynamic LLS. 
Conclusion 
This study has shown that the recently developed analytical procedure of 
simultaneously calibrating dynamic LLS and SEC is useful in the characterization of 
HECA in THF at 25 °C. By using this procedure, we have determined both the 
calibration constants in SEC and in dynamic LLS. With these constants, we have 
accomplished the molar mass characterization of the HECA. It should be noted that 
the constants obtained in this study from dynamic LLS, i.e., ko and ao in eq. (7.2), are 
independent on our particular LLS spectrometer, which means that these two 
I constants can be used in any other LLS spectrometer as long as the same solvent and 
• 
temperature are used. In addition, our results indicate that the chain o f H E C A in THF 
i at 25。C behaves like a slightly extended coil. 
Chapter 8 
Light-Scattering Study ofPolyacrylamide in 0.35 M KH2PO4aqueous solution. 
mXRODUCTION 
Polyacrylamide contains both carbonyl and amides groups along its hydrophobic 
backbone. Polyacrylamide and its various anionic or cationic copolymers and 
derivatives form one ofthe most important series of water-soluble polymers in various 
industrial appUcations. Linear polyacrylamides with a high molar mass are 
particularely useful in the applications of flocculation and enhanced oil recovery. 
The average molar mass of polyacrylamide are usually determined by either 
viscosity measurement or size-exclusion chromatography (SEC).^""^^^ I t is known that 
j the molar masss estimated from viscosity has a large uncertainity because of the errors 
asociated with the Mark-Houwink-Sakurada parameters. As for SEC, a proper 
I .¾ 
i 
caUbration of the SEC columns requires a series of narrowly distributed 
polyacrylamides standards, which is rather difficult to obtained in practice. Moreover, 
a normal SEC is not able to characterize a sample with an average molar mass higher 
t h a n ~ 5 x l 0 6 . 
More recently dynamic laser light scattering has been used in the characterization 
o f macromolecules, such as poly(tetrafIuoroethylene)/" branched epoxy polymer/'^ 
poly(ethylene),i59 ^ ^ dextrane.''' Recently, a complementary method of combining 
static and dynamic laser light scattering has been developed to characterize special 
macromolecules, such as phenolphthalein poly(ether ketone) or poly(ether sulfone)/''" 
163 poly(sulfoalkyl methacrylate), and hydroxyethyl cellulose acetate.'" 
After the hydrolyzation, polyacrylamide becomes polyelectrolytes in aqueous 
solution and its characterization becomes problematic.^^^ In this study, we found that 
when 0.35 M KH2PO4aqueous solution is used as solvent, the polyelectrolytes effect is 
suppressed, so that the hydrolysed polyacrylamide can be characterized as a neutral 
polymer. To the best o f our knowledge, no literature is available about the solution 
properties o f polyacrylamide using 0.35 M KH2PO4aqueous solution as a solvent. 
Sample synthesis: 
Acrylamide monomer was recrystalized twice in benzene before its polymerization 
in highly purified deionized water. A proper amount o f acrylamide was dissolved in a 
I three-neck round bottom flask filled with a glass stirring rod with a teflon pad, a reflux 
condensor and a nitrogen bubling tube. The polymerization was initiated by adding 
hydrogen peroxide and the reaction temperature was kept at 56 士 1。。. After the 
； reaction, polyacrylamide was precipitated in methanol and dried under vacuum at 60 土 
I 1 oc. Such obtained polyacrylamide was further fractionated in a methanol water 
mixture. Two polyacrylamide fractions and two hydrolysed polyacrylamides samples 
f 
wi th a hydrolysis degree of 〜25 % were used in this study, which are labelled as 
PAMl，PAM2, PAM3, and PAM4 hereafter. For each fraction, five solutions with a 
concentration range of5.40 x 10"^  to 2.72 x 10^ g/mL were prepared by dilution. A l l 
polymer solutions were clarified at room temperature using a 0.5-M,m Millipore filter. 
RESULTS AND DISCUSSION 
Figure 8.1 shows a typical Zimm plot of the unhydrolysed polyacrylamide ( P A M l ) 
in 0.35 M KH2PO4 aqueous solution at 25 °C, where C ranges from 5.40 x 10'^ to 2.72 

































































































































































































































































































extrapolations o f [KC/Rw(q)]q^o.c^o. [KC/Rw(q)]c^o versus q^ and [KC/Rw(q)]q^o 
versus C, respectively. The results are listed in Table 8.1. The positive values of A2 
show that 0.35 M KH2PO4 aqueous solution is a reasonably good solvent for both the 
hydrolysed and unhydrolysed polyacrylamides. As expected, <Rg> increases as Mw 
increases. 
Figure 8.2 shows a double logarithmic plot of <Rg> vs Mw for polyacrylamide in 
0.35 M KH2PO4 aqueous solution at 25 °C. The solid line represents the least-square 
fitting o f <Rg> (nm) = 4.95 x 10'2M/49. It shows that both the hydrolysed and 
unhydrolysed polyacryl-amides have a very similar molar mass-dependence of the chain 
dimension. The exponent value of 〜0.5 indicates that the polyacrylamide chains have 
a unperturbed random-coil conformation in 0.35 M KH2PO4 aqueous solution at 25 °C. 
Figure 8.3 shows a typical plot of the measured intensity-intensity time correlation 
I function for the unhydrolysed polyacrylamide (PAM1) in 0.35 M KH2PO4 aqueous 
j solution at 6 = 20° and T = 25 °C. The insert shows a typical line width distribution 
G ( r ) calculated from the Laplace inversion of G(2)(t，q)，using a CONXm®^ program 
equipped with ALV-5000 digital correlator. After measuring each polyacrylamide 
sample at a set of concentrations and scattering angles, we are able to determine the 
translational diffusion coefficient D. 
Figure 8.4 shows a typical dynamic Zimm plot for the unhydrolysed 
polyacrylamide (PAM2) in 0.35 M KH2PO4 aqueous solution at 25。C. On the basis of 
2 -1, 2 
eq. (2.2.20), D, f, and ka can be calculated respectively from (F/q )c—o，q—o，(F/q ) " o vs 
q2 and (r/q^)q^o vs C. The results are also summarized in Table 8.1，where < > means 
that the values obtained are averaged ones. With a pair ofka and f，GQT) in Figure 8.3 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 8.5 shows the translational diffusion coefficient distributions G(D) for both the 
hydrolysed and unhydrolysed polyacrylamides in 0.35 M KH2PO4 aqueous solution at 
25 °C. From each G(D), we can calculate a hydrodynamic radius distribution, fi[Rh), 
and the average hydrodynamic radius, <Rh> [ =广 f ( R J R h d R j , using the Stokes-
Einstein equation, D = kBT/(671r|Rh), where ke, T, and v{, are the Boltzmann constant, 
the absolute temperature, and solvent viscosity, respectively. The values of<Rg>/<Rh> 
are also listed in Table 8.1. It is known that the value of<Rg>/<Rh> reflects the chain 
conformation. The values of<Rg>/<Rh>- 1.3 - 1.4 indicate that the polyacrylamide 
chains have a flexible coil conformation in 0.35 M KH2PO4 aqueous solution at room 
temperature. 
Figure 8.6 shows a double logarithmic plot of <D> versus M^. The solid line 
represents a least-square fitting o f < D > = <ko>M^-^"^^ with <ko> 二 4.44 x 10"^  and 
J <otD> = 0.50 for the polyacrylamides in 0.35 M KH2PO4 aqueous solution at 25 °C, 
where < > means that the values of <ko> and <ao> were obtained from <D> and Mw 
rather than from D and M for monodisperse species. The value o f<ao> 〜0.5 further 
indicates the polyacrylamide chains have a unperturbed random coil conformation in 
0.35 M KH2PO4 aqueous solution at 25 °C. Theoretically, with these calibrations, 
G(D) can be transformed into a molar mass distribution, e.g., a differential weight 
distribution of molar mass, fw(M) using eq. (2.4.5). However we found that the 
weight-average molar masses calculated from G(D) using <ko> and <ao> are 20 % 
lgss than Mw measured directly from static LLS. This is expectable because we have 
used <ko> and <ao> instead ofko and otD. 





















































































































































































































































































































































































































































































































and otD first, namely a method of combining static and dynamic LLS results, i.e., Mw 
and GOD), obtained from two or more polyacrylamide fractions. The detail of this LLS 
method has already been reported elsewhere^i68 Using this method, we found that 
ko = 5.52 X 10'5 & otD = 0.514 i f using both the hydrolysed and unhydrolysed 
polyacrylamides; and ku = 5.31 x 10"^  & otD = 0.509 ifusing only two the hydrolysed 
polyacrylamides; and ko = 5.31 x 10"^  & otD = 0.510, i f using only the two 
unhydrolysed polyacrylamides. A comparison of these ko and otD values shows that 
both the hydrolysed and unhydrolysed polyacrylamides can be represented by the same 
calibration between D and M, namely D (cmVs) = (5.4 土 0.1) x 10"' M)^ ' ' ' ^ ' ' ' ' . This 
suggests that the polyelectrolytes effect has been suppressed in 0.35 M KH2PO4 
aqueous solution. At the moment we do not know that why 0.35 M KH2PO4 aqueous 
solution can suppress the polyelectrolyte effect. Using this calibration, we converted 
each G^ ) ) into a corresponding molar mass distribution. 
I Figures 8.7 show differential weight distributions of molar mass, fwO^, of 
i 
i 
I different fractions ofpolyacrylamides. From each C (^MX we can calculate the weight-
average molar mass OVlw)caicd and polydispersity index M ^ M i , which are listed in Table 
8 1 xhe values of (Mw)caicd agree reasonably with those measured directly from static 
LLS. The values o fMJMn shows that all fractions are moderately distributed. 
CONCLUSION 
A combination of static and dynamic laser light scattering (LLS) results can be 
used to characterize both the hydrolysed and unhydrolysed polyacrylamides. Our 
result indicates that the polyelectrolytes effects can be suppressed in 0.35 M KH2PO4 
aqueous solution and the polyacrylamides behaves as a random coil. A calibration 













































































































































































































































(cm2/s) =(5.40 土 0.1) X 10'^  My® " ^ o.oos ^^^ been established. Using this calibration, 
we can obtained not only the weight-average molar mass Mw, but also molar mass 
distribution in dynamic LLS. The established methadology and the caUbration between 
D and M can be used in future to characterize polyacrylamides with an ultrahigh molar 
mass，by using only one concentration and one angle, which cannot be characterized by 
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